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THEORY  OF  IRREGULAR  WAVEGUIDES  WITH  SLOWLY  CHANGING  PARAMETERS. 


6-  Z.  Katsenelenbaum. 


Page  2. 


Monograph  contains  the  systematic  presentation  of  the  method,  of 

/ 

calculation  of  fields  in  irregular  radiowaveguides  and  acoustic 

> 

waveguides.  Are  examined  the  beat  waveguides,  tapered  weMs  and 

>.  1  ,  ' 

waveguides,*  filled  by  the  material  whose  parameters  are  changed  along 
the  line,  which  in  particular  contain  the  compensating  and  matching 

t 

inserts.  Are  studied  ir  detail  the  curvatures  of  a  large  radius,  flat 
changes  in  the  section,  slow  change  in  the  parameters  of  material. 


Monograph  is  designed  for  scientific  workers,  graduate  students 
and  students  of 4 the  old  courses,  which  are  occupied  by  electrodynamic 
calculations  and  adjacent  questions  of  mathematical  physics,  and  also 
to  specialists,  workers  in  waveguide  communication/connection. 


Responsible  editor  of  the  assoc,  member  of  the  AS  USSR  V.  I.  Siforov. 
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Page  3. 

Introduction. 

§  1,  Content  of  monograph. 

1.  Theory  of  regular  waveguides,  i.e.,  rectilinear  waveguides  of 
constant  section,  is  developed  at  present  very  fully.  There  are  also 
■any  monographs  and  textbooks,  in  which  in  systematic  form  are  set 
forth  the  methods  of  calculation  or  the  effect  of  different 
irregularities  in  rectangular  waveguide  on  the  propagated  in  it 
fundamental  wave.  These  irregular  cell/elements  -  the  coupling 
elements  and  tuning  -  bear  usually  the  local  character:  they  are 
concentrated  ^in  the  region  of  the  order  of  the  transverse 
size/dimensions  of  rectangular  waveguide.  These  cell/elements  provide 
agreement,  i.e.,  the  absence  of  considerable  reflection,  in  the 
relatively  narrow  frequency  oand.  in  this  frequency  band,  as  a  rule, 
wave  of  the  highest  types  be  propagated  they  cannot. 

In  the  last  5-10  years  appeared  the  problem  of  developing  of  the 
plumbing,  capable  of  passing  the  very  broadband,  order  of  one  octave. 
An  example  of  this  problem  is  tae  problem  of  long-distance 
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communication  in  circular  waveguide  on  wave  H01  [1],  The  matching 
plumbing  in  such  waveguides  no  longer  can  be,  as  a  rule,  local  tuning 
cell/ elements  -  diaphragm,  stubs,  etc.  Typical  irregular  cell/element 
in  this  waveguide  is  the  steady  waveguide  transition  whose  length  is 
great  in  comparison  with  tna  transverse  size/dimensions  of  waveguide. 
The  parameters  of  this  waveguide  are  slowly  changing  functions  of  one 
of  the  coordinates.  To  this  class  of  systems  they  are  related,  for 
example,  the  bent  waveguide,  whose  bending  radius  is  great  in 
comparison  with  cross  section,  or  long  transition  between  two 
waveguides  of  different  sections,  long  joining,  etc.  Waveguide 
cell/elements  of  such  type  possess  large  band  coverage. 

Page  4. 

In  broadband  plumbing  together  with  fundamental,  useful  wave, 
can  be  propagated,  as  a  rule,  also  the  waves  cf  other  types,  the 
so-called  parasitic  waves,  on  the  irregular  cell/elements  of  these 
circuits,  not  only  must  not  occur  the  noticeable  reflection  of  the 
incident  wave,  but  must  not  be  also  the  considerable  transformation 
of  the  fundamental  wave  into  parasitic  ones.  Usually  most  essential 
proves  to  be  the  second  requirement  -  smallness  of  losses  to 
transformation. 

The  calculation  of  irregular  waveguides  with  the  slowly  changing 
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parameters  required  the  development  of  special  mathematical  methods. 
To  what  extent  is  great  interest  in  this  problem,  it  is  evident  from 
the  fact  that  in  last/latter  5-6  years  in  our  and  foreign  press 
appeared  about  60  theoretical  works  on  this  theme,  and  to  1954-1955 
to  it  were  devoted  a  total  of  several  various  articles. 

In  the  nost  typical  cases  electrodvnaaic  problem  is  placed  as 
follows:  in  the  irregular  section,  which  connects  two  generally 
speaking  different  regular  ones  or  waveguide,  falls  any  wave  from 
single  amplitude;  it  is  necessary  to  calculate  the  amplitudes  of  all 
waves,  which  diverge  into  both  ox  sides  from  irregular  section.  The 
totality  of  these  all  composite  aaplitudes  occasionally  referred  to 
as  the  scattering  matrix  or  irregular  section.  Great  interest  is  of, 
it  goes  without  saying,  also  inverse  problem  -  identification  of  the 
paraaeters,  which  ensure  the  smallest  ones  in  the  assigned  frequency 
band  of  the  loss  to  transformation. 

Present  monograph  is  dedicated  to  systematic  presentation  of  one 
of  the  methods  of  the  solution  of  the  class  of  the  electrodynaaic 
problems,  the  so-called  method  of  cross  sections  indicated. 

2.  Monograph  consists  of  six  chapters.  Chapter  I  contains  the 
presentation  of  the  auxiliary  method  of  snail  heterogeneities.  Any 
how  conveniently  complex  irregularity  of  waveguide  (retaining  the 
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topological  structure  of  its  section)  can  be  considered  as  the 
imposition  of  three  fundaaental  types  of  irregularities  -  waveguide 
bend,  change  in  the  properties  of  the  filling  waveguide  medium  and 
change  in  its  cross  section.  In  three  paragraphs  of  chapter  I,  are 
investigated  the  elementary  irregularities  of  each  of  these  three 
types,  i.e.,  the  fracture  ox  waveguide  on  small  angle,  small  abrupt 
change  in  the  filling,  small  step.  The  determination  of  the  wave 
amplitudes,  scattered  on  elementary  irregularity,  makes  it  possible 
to  incidentally  determine  tolerances  for  the  production  of  waveguide 
lines. 

Page  5. 

The  waveguic  ’,  bent  to  final  angle,  can  be  treated  as  the 
maximum  form  of  waveguide  with  many  small  fractures.  In  exactly  the 
same  manner  waveguide  with  alternating/variable  filling  is  the  limit 
of  waveguide  with  laminar  filling,  and  waveguide  with 
alternating/variable  section  -  a  limit  of  stepped  waveguide.  The 
analysis  of  an  elementary  irregularity  of  any  type  makes  it  possible 
therefore  in  a  number  of  cases  to  calculate  the  amplitudes  of  waves, 
scattered  on  a  final  (not  small)  irregularity  of  this  type.  This 
calculation  method  is  net  completely  strict,  but  it  possesses  the 
specific  physical  clarity,  out  in  many  problems  it  makes  it  possible 
even  to  obtain  complete  solution,  it  can  be  considered  as  the 
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physical  interpretation  of  the  mathematical  apparatus  of  the 
fundamental  method,  named  us  by  the  method  of  cross  sections. 

This  method  is  presented  in  chapter  II.  Its  fundamental  idea 
lies  in  the  fact  that  the  field  in  any  section  of  irregular  section 
is  represented  in  the  fora  of  the  infinite  sum  of  the  fields  of  waves 
of  both  of  directions,  capable  of  oeing  propagated  of  the  so-called 
waveguide  of  comparison  -  in  the  regular  waveguide  of  the  same 
section  and  with  the  same  distribution  of  electrical  and  magnetic 
permeability  over  section.  The  coefficients  of  this  expansion  are  the 
functions  of  longitudinal  coordinate  and  satisfy  the  infinite  system 
of  the  ordinary  differential  equations  of  the  first  order.  The 
investigation  of  irregular  waveguide,  i.e.,  three-dimensional 
electrodynamic  problem,  is  reduced,  thus,  to  the  two-dimensional 
problem  of  the  fields  of  waves  in  regular  waveguide  and  to 
one-dimensional  problem  -  to  the  solution  of  the  system  of  ordinary 
differential  equations. 

The  greatest  difficulties  during  the  application/use  of  a  method 
of  cross  sections  appear  for  waveguides  with  alternating/variable 
section.  Fields  in  irregular  waveguide  satisfy  ether  boundary 
conditions,  than  fields  in  the  regular  waveguides  of  the  same 
section,  and  the  row/series,  comprised  on  the  fields  of  these  waves, 
on  the  duct/contour,  which  limits  section,  generally  speaking,  not 
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converge  to  the  functions  which  they  aust  represent.  Therefore 
solution  is  constructed  first  for  the  waveguide  of  the  constant 
section,  filled  by  aediua  with  the  continuous  distribution  of 
dielectric  constant  £(x,  y,  z) ,  then  is  realized  transition  to  the 
discontinuous  distribution  during  which  the  part  of  the  waveguide 
reaai&s  eapty  (see  Fig.  10,  page  74),  and  thee  -  to  coaposite  i  when 
!e,'-*oo.'  In  this  way  it  is  possible  to  avoid  prccess/operations  with 
the  unevenly  converging  series  which  cannot  be  pieceaeal 
differentiated. 

Page  6. 

The  basic  values,  which  characterize  heterogeneity,  are  coupling 
coefficients  -  coefficients  in  the  systea  of  differential  equations 
for  wave  aaplitudes.  The  properties  of  these  coefficients  are 
investigated  in  detail,  Jhese  coefficients  can  be  also  found  froa  the 
aatrix  eleaents  of  scattering  frea  a  saali  irregularity,  calculated 
in  chapter  I.  The  method  of  cross  sections  gives  explicit  expressions 
for  coupling  coefficients  for  any  irregularity,  in  particular  for  the 
coabined  irregularity. 

In  application  to  the  steady  irregularities,  in  which  the 
paraaeters,  which  characterize  waveguide,  are  changed  slowly,  to  easy 
solve  the  systea  of  differencial  equations  and  to  find  explicit 
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expression  for  the  wave  amplitudes,  scattered  by  the  irregular 
section:  it  it  is  analyzed  thorougaly  in  detail  in  chapter  II.  There 
are  two  special  cases,  examined  in  chapter  III,  when  this  solution  - 
even  for  very  steady  irregularities  -  becomes  complicated.  In  §  11 
and  12  this  chapter  is  investigated  the  case,  when  in  tapered  weld  is 
the  so-called  critically  section,  i.e.,  the  section,  which 
separate/liberates,  at  this  freguency,  the  region  of  the  propagation 
of  any  wave  from  the  region  where  it  be  propagated  cannot.  Near  this 
section  the  coupling  ccemcients  during  how  conveniently  slow  change 
in  the  parameters  of  waveguide  become  high  values,  and  usual  methods 
of  the  type  of  Wentzel  -  Kramers  -  Brillouin  (WKB)  prove  to  be 
inapplicable.  It  is  es ^ sblish/installed,  in  particular,  the  end 
condition,  equivalent  to  tne  presence  of  critical  section  and  which 
makes  it  possible  to  be  limited  to  the  solution  of  differential 
equations  in  the  region,  distant  rrom  critical  section. 

In  §  14  of  Chapter  111  is  examined  the  second  special  case  - 
incidence  in  the  wave  on  tne  fracture  of  waveguide  when  the  frequency 
is  close  to  the  critical  frequency  of  the  excitable  parasitic  wave. 

In  this  case,  appear  the  resonance  effects,  and  the  amplitude  of  this 
parasitic  wave  can  become  relative  to  greater.  These  effects  it 
depends  substantially  on  the  conductivity  of  the  material  of  wall. 

For  their  analysis  it  is  necessary  to  utilize  the  expression  for  a 
wave  number  in  waveguide  witn  imperfect  walls,  used,  in  particular. 


DOC  =  79024301 


PAGh  9 


in  any  nearness  to  critical  frequency;  this  expression  is  derived  in 
§  15. 


In  chapters  IV  and  V  the  developed  method  is  used  to 
concrete/specific/actual  waveguide  systems.  In  chapter  IV,  are 
presented  the  problems  of  irregular  waveguides  with  rectilinear  axis, 
in  chapter  V,  -  about  the  bent  waveguides.  In  jertain  cases  is  given 
also  solution  of  the  reverse  problem  of  the  optimum  form  of 
transition,  curvature  cr  compensating  insert.  The  material  of  these 
chapters  does  not  bear  reference  character,  it  must  only  illustrate 
the  possibilities  of  method  and  the  contemporary  state  of  a  question. 

Page  7. 

In  chapter  VI  formalism  of  theory  is  transferred  to  the  case  of 
the  irregular  acoustic  waveguides,  rectilinear  and  bent.  In  some 
ratio/relations  this  transference  proved  to  be  not  so  trivial,  as 
this  it  was  possible  tc  assume,  on  the  basis  of  usual  relationships 
between  problems  for  vector  and  scalar  fields. 

§  2.  survey  of  literature. 

Is  published  at  the  present  time  about  100  works  on  the  theme, 
formulated  in  the  name  of  the  nook.  At  the  end  of  the  book,  is  given 
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the  list  of  these  works,  led  approximately  to  the  middle  of  1960;  the 
articles,  published  up  to  1950,  in  it  barely  are  reflected. 

In  this  paragraph  we  will  give  very  short  survey/coverage  of 
different  methods,  which  were  being  applied  during  the  solution  of 
the  problems  of  this  class.  Articles  are  grouped  according  to  the 
used  in  them  method,  that  it  is  somewhat  arbitrarily,  but  it  is  the 
very  convenient  method  of  the  classification  of  material.  We  isolated 
four  methods,  and  the  last  of  them  (we  call  its  method  of  cross 
sections)  let  us  dismantle/select  in  somewhat  more  detail. 

In  this  survey/coverage  are  not  included  the  articles  of  the 
author  and  work,  which  adjoin  them,  this  material  is  presented  in 
book  itself. 

1.  Method  of  join  of  fields  lies  in  the  fact  that  field  in 
regular  and  irregular  parts  of  waveguides  is  represented  in  the  form 
of  sum  of  waves,  capable  of  existing  in  both  waveguides,  and  from 
requirement  of  continuity  of  fields  is  system  of  linear  algebraic 
equations  for  coefficients  of  these  sums.  If  irregularity  is  small, 
then  problem  contains  series  expansion  parameter,  and  system  can  be 
solved  in  general  form.  Method  is  limited  by  the  condition  so  that 
the  field  in  irregular  waveguide  would  have  sufficiently  simple 


structure 
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For  rectilinear  waveguides  the  method  makes  it  possible  to 
calculate  transition  to  cone  with  small  flare  angle  or  (for 
rectangular  waveguides)  to  small  expansion.  By  this  method  were  found 
the  coefficients  of  reflection  or  wave  from  the  expansion  of 
rectangular  waveguide  -  woms  of  levin  [2]  1 ,  Piefke  [3]  and  Solymar 
[«]. 

FOOTNOTE  >.  The  part  of  Levin's  results  [ 2 ]  is  erroneous;  see  [3]  or 
§  16  this  book.  ENDFOOTNOTE. 

Equivalent  method  was  used  by  N.  P.  Mar* in  [5]  for  determining  the 
conversion  factors  and  reflection  during  the  expansion  of  rectangular 
waveguide  in  E- plane.  To  circular  waveguides,  the  method  is  used  by 
Solymar  (6,  7],  which  found  the  conversion  factor  of  wave  H0i  into 
H02,  and  Tanaka  [8]  whose  formulas  make  it  possible  to  find  the 
conversion  factors  and  reflection  during  incidence  in  any  wave. 

In  the  waveguide,  bent  on  circular  arc,  it  is  possible  to 
introduce  the  so-called  their  own  waves  and  the  complete  field  to 
present  in  the  form  of  the  superposition  of  such  their  own  waves  of 
the  bent  waveguide.  Utilizing  this  expansion,  Jouguet  [9]  by  the 
method  of  join  solved  the  problem  of  coupling  of  rectilinear  and  bent 
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(with  constant  curvature)  the  waveguides  of  rectangular  cross 
section. 


2.  Conformal  transformations  were  widely  used  by  P.  Ye. 
Krasnushkin  [10]  for  calculation  of  flat/plane  waveguides.  In  this 
method  the  complex  boundary  of  irregular  waveguide  is  converted  into 
two  parallel  lines.  The  wave  equation,  which  describes  field  in 
waveguide,  in  this  case  becomes  complicated  and  acquires  this  form, 
as  if  within  these  parallel  lines  was  arrange/located  inhomogeneous 
medium.  The  means  of  this  heterogeneity  in  a  known  manner  is 
connected  with  the  function,  which  realizes  ccnformal  transformation. 
Rice  [11],  B.  L.  Rozhdestvensxiy  [12]  and  N.  P.  Mar'in  [13],  applying 
different  reception/procedures  for  the  solution  of  wave  equation  with 
variable  coefficients,  they  examined  by  this  sequence  method  of 
problems.  B.  L.  Eozhdestveuskiy  and  D.  N.  Chetayev  [14]  used  him  to 
the  problem  of  the  creation  of  the  matching  transitions  with 
dielectric  filling.  Conformal  transformation  was  used  also  by  L.  A. 
Weinstein  in  article  [I  *3;  in  this  work  the  problem  of  flat 
irregularity  in  flat/plaue  waveguide  was  solved  with  the  enlistment 
of  variation  principles. 

The  method  of  conformal  transformations  can  be,  apparently,  it 
is  generalized  to  rectilinear  circular  waveguides,  although  this 
causes  its  essential  complication.  For  more  complex  problems,  for 
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example  for  rectangular  waveguide,  which  is  expanded  simultaneously 
in  two  planes,  it  is  virtually  unsuitable. 

3.  In  many  works  is  utilized  coordinate  system  in  which  walls  of 
waveguide  coincide  with  cne  of  coordinate  surfaces.  During  the 
construction  of  this  system  in  the  general  case  (i.e.,  not  for 
flat/plane  waveguides)  it  is  not  possible  tc  apply  conformal 
transformation  and  it  is  necessary  to  resort  to  special 
reception/procedures. 

Jouguet  [16]  examined  by  this  method  the  waveguide  bend  of  round 
cross-section  throughout  the  circumference  of  the  large  radius  r.  In 
the  introduced  to  them  system  of  coordinates  of  the  equation  of 
Maxwell,  acquire  supplementary  in  comparison  with  Cartesian  system 
term/component/addends,  proportional  to  curvature.  These 
term/component/addends  have  a  character  of  outside  currents,  created 
by  the  transmitted  wave,  and  problem  is  reduced  to  the  solution  of 
the  equations  of  Maxwell  with  right  side.  In  [16]  were  found  their 
own  waves  of  the  bent  waveguide  and  it  was  obtained,  in  particular, 
fundamental  in  the  thecry  or  the  circular  waveguide  result  about 
transformation  in  the  curvature  of  wave  H01  into  wave  Etl. 


Page  9. 
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However,  the  determination  of  the  amplitudes  of  all  other 
scattered  waves,  i.e.,  the  values  of  order  1/r,  was  not  produced;  it 
requires  still  supplementary  process/ope rations  on  the  join  of  fields 
on  the  boundaries  of  the  cent  section.  This  same  method  adjoins 
Levin*s  article  [17],  in  which  are  found  propagation  constant  of 
their  own  waves  of  twisted  and  bent  rectangular  waveguides.  In  this 
article  also  is  not  produced  the  join  of  fields  on  the  boundary  of 
irregular  section  and  are  not  determined  the  amplitudes  of  the 
scattered  waves. 

In  works  of  A.  G.  Sveshnikov  [18-20]  and  S.  L.  Viktorova  and  A. 
G.  Sveshnikov  [21]  this  metnod  is  far  moved  and  used  to  the  decision 
of  the  series  of  problems  of  more  common/general/total  type  -  of 
waveguide  bends  in  three-dimensional  curve  with  a  simultaneous  slow 
change  in  his  cross  section.  The  special  feature/peculiarity  of  these 
works  is  the  use  of  regular  methods  of  solving  the  nonhomogeneous 
equations  of  Maxwell,  to  whom  is  reduced  the  problem.  Which  follow 
work  of  Sveshnikov  [22,  23]  even  more  greatly  expand  the 
possibilities  of  applying  this  apparatus.  In  the  introduced  to  them 
nonorthogonal  curvilinear  coordinate  system,  the  surface  of  the 
assigned  waveguide  is  converted  into  the  surface  of  the  cylinder  of  a 
single  radius.  The  solution  of  the  equations  cf  Maxwell  in  this 
system  is  conducted  as  in  [21],  oy  the  method,  which  adjoins  the 
method  of  cross  sections;  field  searches  for  in  the  form  of 
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cow/aeriea  on  the  products  of  bessel  funjticns  to  trigonometric 
functions,  and  for  the  coefficients  of  this  expansion  is 
establish/installed  the  system  of  ordinary  differential  equations, 
which  contains,  in  particular,  the  metric  coefficients  of  the  adopted 
system  of  coordinates. 

Another  fruitful  idea  tor  the  calculation  of  rectilinear  tapered 
welds,  base  of  which  is  also  the  introduction  of  the  special 
coordinate  system,  was  proposeu  in  the  article  of  V.  L.  Pokrovskiy, 

P.  R.  Ulinich,  S.  K.  Savvinykh  £24]  about  flat/plane  waveguide. 
According  to  this  method  is  introduced  the  coordinate  system, 
orthogonal  with  an  accuracy  to  the  square  of  the  mean  angle  of  the 
slope/inclination  of  generatrix*  This  value  is  series  expansion 
parameter  of  problem,  and  the  wave  equation,  recorded  in  this 
coordinate  system,  is  decompose/expanded  in  row/series  from  this 
parameter*  Are  solved  the  equations  of  zero  and  first  order.  In  zero 
order  is  obtained  homogeneous  equation,  in  the  first  -  heterogeneous. 
The  solutions  search  for  according  to  method  WKB.  The  coefficients  of 
reflection  and  transformation  depend  on  the  character  of  the 
function,  which  describes  the  xorm  of  generatrix;  the  order  of  the 
smallness  of  these  values  is  determined  by  degree  of  smoothness  of 
this  function. 


Page  10. 


DOC  =  79024301 


PAGE  16 


The  method  of  article  [24]  was  recently  used  to  the  sufficiently 
wide  circle  of  questions  [24-31],  Here  designed  infinite  horns, 
transitions  between  two  waveguides,  waveguides  with  forming, 
described  both  the  analytic  functions  and  functions  whose  one  of  the 
derivatives  suffers  disruption;  were  investigated  problems  with 
critical  sections.  Were  examined  in  essence  waveguides  flat/plane 
[24-29],  also,  with  circular  section  [30];  in  work  [31]  was  made  the 
attempt  to  calculate  by  this  method  also  the  waveguides  of 
rectangular  cross  section. 

4.  Is  published  at  present  auout  50  articles,  in  which  are 
develop/processed  and  are  applied  to  specific  problems  diverse 
variants  of  method  of  cross  sections;  large  part  of  these  works 
appeared  after  1955.  The  fundamental  idea  of  this  method  lies  in  the 
fact  that  the  field  in  irregular  waveguide  is  represented  in  the  form 
of  the  superposition  of  the  fields  of  waves,  which  exist  in  simpler 
waveguides.  The  coefficients  or  taese  superpositions  satisfy  the 
system  of  ordinary  differential  equations.  From  the  solution  of  this 
system,  are  determined  the  wave  amplitudes,  scattered  by  irregular 
section. 


The  first  ideas  in  this  pian/iayout  belong  to  G.  V.  Kisun'ko 
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[(for  example,  see  his  monograph  £32]),  and  A.  L.  Gutman's  article 
[33-36]  and  8.  P.  lemelin  £37]  tney  develop  these  ideas.  Outside 
boundary  there  was  first  Stevenson's  article  [38];  however,  the 
energetic/energy  application/use  of  this  method  was  begun  there  only 
after  the  appearance  of  an  article  of  Schelkuncff  [39]. 

In  Stevenson's  work  £38]  were  examined  rectilinear  tapered 
welds.  Field  was  expressed  as  six  functions  each  of  which  was 
decompose/expanded  according  to  the  membrane/diaphragm  functions  of 
electrical  and  magnetic  waves  in  the  regular  waveguide  of  this 
section.  For  the  coefficients  of  these  expansions,  was 
establish/installed  the  system  of  the  ordinary  differential  second 
order  equations,  which  then  were  investigated  according  to  method 
8KB.  The  obtained  mathematical  apparatus  proved  to  be  very  complex 
and  bulky.  The  only  finished  to  end/lead  attempt  to  use  it  to 
specific  problems  for  determining  the  field,  scattered  by  an 
irregular  section,  is  made  m  Leonard's  article  and  yen  [40].  In  this 
work  are  calculated  the  coefficients  of  reflection  of  several  waves 
from  coupling  of  rectilinear  circular  waveguide  with  cone  and  from 
expansion  in  rectangular  waveguide;  formulas  for  rectangular 
waveguide  are  accurate,  but  formulas  for  a  circular  waveguide  proved 
to  be  erroneous. 


Page  11. 
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In  the  article  of  Schelkunoff  [39]  the  method  of  cross  sections 
is  proposed  anew  and  is  illustrated  based  on  the  examples  of  that 
expanding  and  bent  on  the  circular  arc  of  flat/plane  waveguides.  In 
Heyn's  work  [41]  is  also  produced  field  expansion  of  waves  in  the 
bent  waveguide  of  constant  section  in  terms  of  the  fields  of  waves  in 
rectilinear  waveguides.  In  both  tnese  articles  for  the  coefficients 
of  expansion,  are  estafclish/ins tailed  differential  first-order 
equations;  however,  the  solutions  of  these  differential  equations  and 
expression  for  the  amplitudes  of  tne  scattered  waves  do  not  bring. 

In  the  article  of  Unger  £42]  the  apparatus,  proposed  by 
Schelkunoff,  is  used  to  the  specific  problem  of  the  symmetrical 
transition  between  two  circular  waveguides,  on  which  fall*;  wave  Hot. 
As  variables  are  accepted  tne  wave  amplitudes  of  both  of  directions, 
but  not  Fourier  coefficients  riela  expansion  as  in  [39]  and  [41],  and 
are  obtained  explicit  expressions  for  the  amplitudes  of  the  scattered 
forward  waves  H0.  In  the  article  of  Iiguchi  [43]  it  is  made  the 
attempt  to  calculate  combined  transition  from  rectangular  to  the 
circular  waveguide. 

In  the  articles  of  Morgan  £44],  Shimizu  [45]  and  Oguchi  and  Kato 
[46]  the  same  method  are  round  differential  equations  for  wave 
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amplitudes  in  curvature  and  are  determined  .  ~  coupling  coefficients 
of  wave  H0|  with  Hmi  and  in  the  bent  circular  waveguide.  In  the 
article  of  Andreasen  [47]*  that  develops  the  work  of  Horgan  [44],  are 
calculated  the  coupling  coefficients  of  wave  Hlt  with  waves  E0l  and 
H21  in  the  circular  waveguide  and  wave  Hj0  with  several  waves  in  the 
waveguide  of  square  section.  In  the  articles  of  Onger  [48]  and 
Andreasen  [49]  was  solved  for  tae  first  time  the  problem  of  the 
curvature  of  alternating/variable  curvature.  However*  the  method* 
used  by  the  authors,  forced  them  to  be  restricted  to  the  case  when 
curvature  in  all  points  was  final,  i.e. ,  to  exclude  the  fractures  of 
the  axes  whose  applicatiou/use,  as  it  seemed,  they  make  it  possible 
to  design  shortest  curvatures. 

Apparently  independent  of  Scaelkunoff,  but  by  approximately  the 
same  method  examined  rectilinear  tapered  welds  Beiter  [50].  His 
results  were  then  used  to  the  calculation  of  concrete/specific/actual 
systems  in  the  article  cf  Solyaar  [51],  that  gave  to  them  most 
convenient  fora,  and  in  the  works  of  Schnetzler  [52,  53],  which 
calculated  the  joining  cr  tae  waveguide  of  square  section  and  simple 
transition  from  rectangular  waveguide  to  circular. 

In  the  works  of  Gutman  [33-36]  also  are  investigated  rectilinear 
tapered  welds.  Their  special  feature/peculiarity  in  comparison  with 
the  works  of  Schelkunoff  [39]  and  Beiter  [50]  and  the  subsequent 
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works,-  which  are  based  on  (.39]  and  [50],  is  the  introduction  of  the 
special  coordinate  system  and  another  method  cf  the 
conclusion/derivation  of  differential  equations.  The  article  of 
Yemelin  [37]  generalizes  method  to  the  case  when  simultaneously  it 
changes  both  the  form  of  section  and  the  direction  cf  axis. 


Page  12. 


The  article  of  G.  Ya.  Lyuoarskiy  and  A.  Ya.  Pevzner  [54]  can  be 
also  considered  as  the  version  of  the  method  cf  cross  sections.  In  it 
the  field  is  record/written  in  the  form  of  row/series,  but  not  on  the 
fields  of  waves  in  regular  waveguide,  but  on  the  fields  of  waves  in 
the  cone,  formed  by  tangents  to  tae  duct/contour  of  this  section.  For 
the  coefficients  of  expansion,  is  establish/installed  the  system  of 
differential  equations;  the  low  parameter  in  this  system  proves  to  be 
not  the  angle  of  the  slope  of  generatrix,  but  derivative  this  angle. 
If  in  irregular  section  tne  angle  of  the  slope  of  generatrix  slowly 
is  changed  with  coordinate  z,  men  it  is  possible  to  obtain  integral 
expression  for  the  wave  amplitudes,  scattered  by  this  section,  and 
for  the  validity  of  the  appt oach/approxiaation  of  the  first  order  the 
angle  must  not  be  compulsorily  small.  However,  this  is  reached 
because  of  the  very  essential  complication  of  expressions  for 
coupling  coefficients,  fiezaoa  rs  applicable  only  for  flat/plane  or 
cylindrical  waveguides,  and  xn  tae  article  indicated  it  is  not  yet 
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obtained  concrete/specif lc/actual  results,  although  is  solved  not  the 
electrodynamic,  but  simpler  acoustic  problem. 

The  first  work  on  waveguides  with  variable  filling  was  the 
article  of  Schelkunoff  £55].  in  it,  strictly  speaking,  consecutively 
were  examined  only  regular  waveguides  in  which  C  and  p  the  filling 
medium  they  depend  on  coordinates  m  cross  section  x,  y  and  do  not 
depend  on  the  longitudinal  coordinate  z.  Field  in  such  waveguides  was 
decompose/axpanded  in  row/series  on  fields  in  empty  waveguide,  and 
for  the  coefficients  of  this  expansion  was  establish/installed  the 
system  of  differential  first-order  equations.  In  this  case,  each  term 
of  expansion  represented  field  in  very  simple  system,  on  even  in 
regular  waveguide  the  field  was  described  by  infinite  system  of 
equations.  The  same  idea  in  tne  work  of  Morgan  [44]  was  used  to  the 
bent  waveguide,  and  in  V.  8.  broasxiy's  article  [56]  -  to  the 
rectilinear  waveguide  of  constant  section,  in  which  e  and  p  they 
depend  on  all  three  coordinates. 

There  are,  it  goes  without  saying,  works,  which  according  to  the 
methods  used  only  with  large  stipulations  can  be  referred  to  one  of 
four  groups  indicated,  in  tnea  is  utilized  any  method,  specially 
developed  for  this  problem,  such  works  include,  for  example,  already 
mentioned  article  of  Weinstein  £15]  or  of  article  of  Barlow  [57,  58] 
and  Marie  [59];  in  [  57-59]  are  investigated  the  conditions  of  the 
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fact  that  this  wave  (for  example,  wave  H01  in  the  circular  waveguide) 
is  its  own  wave  for  a  curvature.  I;.  the  formulation  of  the  problem  of 
Barlow's  article,  they  are  close  to  the  article  of  Rozhdestvenskiy 
and  Chetayev  [  14  ]. 


Page  13. 


As  can  be  seen  from  tnj.s  survey/coverage,  energetically  are 
develop/processed  at  present  several  directions.  Each  of  them  can  be 
connected  with  the  specific  work,  in  which  were  laid  the  bases  of  the 
corresponding  method.  Such  works  we  consider  the  book  of  Kusin'ko 
[32]  and  article  of  Schelkunoff  [39],  Sveshnikov  [18],  Pokrovskiy, 
etc.  [24]  and  Reiter  [50]. 


In  present  monograph  we  do  not  give  the  presentation  of  these 
directions,  we  do  not  investigate  a  question  concerning  strictness, 
validity  and  completeness  of  the  obtained  results,  and  also  we  do  not 
compare  these  directions  between  themselves  and  with  the  direction, 
which  were  being  developed  in  author's  articles,  and  will  be 
restricted  to  given  short  survey/coverage.  This  book  is  written  in 
essence  based  on  materials  or  author's  articles  [60-78],  published 
during  the  years  1953-1961;  in  it  used  also  several  works,  which 
develop  the  results  of  these  articles,  and  are  given  author's  some 
unpublished  results.  According  to  our  opinion,  as  a  whole  in  these 
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works  is  given  the  relatively  complete  theory  of  a  question.  However, 
wherever  this  it  was  necessary  for  the  completeness  of  presentation, 
we  included  the  results  also  other  authors. 

In  the  text  of  the  book,  are  given  the  references  to  all  used 
works,  eliminating  articles  £60-78].  He  did  not  refer  to  the  works, 
in  which  the  results,  which  were  neing  contained  in  [60-78]  or  other 
articles,  used  in  the  book,  were  obtained  simultaneously  or  later 
than  in  these  articles.  However,  m  those  all  cases  when  any  results 
were  obtained  by  other  authors  earlier,  in  text  were  given  the 
corresponding  references. 

§  3.  Regular  waveguide. 

1.  In  this  paragraph  are  summarized  fundamental  properties  of 
waves  in  regular  waveguides  and  are  given  designations  which  we  used. 
Presentation  in  it  most  of  all  adjoins  Weinstein’s  monograph  [79]. 

By  regular  ones  we  call  the  rectilinear  waveguides  whose  all 
properties  are  not  changed  along  the  axis  of  waveguide.  In  the  theory 
of  irregular  waveguides  by  us  will  be  necessary  the  examination  of 
the  regular  waveguides  of  very  general  view.  We  let  us  assume  that 
the  cross  section  is  limited  oy  tne  arbitrary  locked  duct/contour  and 
that  the  properties  of  the  medium,  which  fills  waveguide,  are  changed 
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in  cross  section.  The  waveguides  of  comparison  will  be,  generally 
speaking,  precisely  such  regular  waveguides. 

Are  examined  the  steady  solutions  of  the  equations  of  Maxwell 

rot£=-/fepV;  (3.1a) 

rot  H  --=  Hit  l .  (3.1b) 


Page  14. 

Dependence  on  time  is  accepted  in  the  form  k  -  wave  number 

in  void,  equal  to  u/c,  where  c  -  speed  of  light.  Is  applied  the 
Gaussian  system  of  unity.  Dielectric  and  magnetic  constants  £  and  p 
-  dimensionless  quantities,  equal  to  one  in  void.  Unless  otherwise 
stated,  than  £  and  p  -  real  scalar  quantities. 

In  (3.1),  are  not  introduced  outside  currents.  It  is  assumed 
that  they  are  located  cut  of  the  sections  in  guestion  and  that  the 
fields  are  excited  by  the  waves,  falling  on  these  sections. 

Uith  exception  only  9  13  and  14,  the  metallic  walls  of 
waveguides  are  considered  as  ideally  carrying  out,  so  that  on  them 

E-t  =  0,  (3.2) 


where  t  -  tangential  tc  surface  vector.  Since  is  allow/assumed 
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arbitrary  dependence  £  on  coordinates  in  cross  section,  then  (3.2) 
does  not  liait  the  class  of  the  examined  waveguides. 

Let  us  introduce  the  Cartesian  coordinate  system,  x,  y,  z,  and 
the  coordinate  axis,  parallel  to  the  axis  of  waveguide,  let  us 
call/naae  Z-axis,  In  cross  section  instead  of  the  Cartesian 
coordinates  x,  y,  can  be  introduced  the  polar  coordinates  p,  0  (0  is 
counted  off  from  x  axis  or  is  used  any  other  two-dimensional 
reference  grid. 

The  field  of  any  wave  in  regular  waveguide  depends  on  z  means  of 
factor  e-,h!,  where  h  -  wave  nuaoer  xn  waveguide.  At  frequency  is 
higher  than  the  critical  for  a  wave  of  this  type  h2>0,  at  the 
critical  frequency  h2=G,  at  the  rrequency  of  lower  than  critical 
h2<0. 


He  will  use  also  given  dimensionless  wave  number  ft =h/k.  For  the 
propagated  waves  0$A£1.  At  nigh  frequencies  A  it  is  close  to  unity,  at 
critical  frequency  h  =  0. 

I.et  us  introduce  complete  wave  system,  capable  of  existing  in 
this  irregular  waveguide,  incluuxng  both  the  those  propagating 
(h2>0)and  those  not  running  (q2$Q)  .  Let  us  label  these  waves  by  index 
j,  which  takes  all  values  *t  -•  to 
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The  fields  of  these  waves  let  us  designate  £'(x,  y,  z)  and  H’ (x,  y,  z).  Let 
us  introduce  designations  EJ,  H1  for  that  factor  in  the  fields  of  these 
waves,  which  depends  only  on  x#  y,  i.e.,  let  us  designate 

E'(x,  y,  z)  =  E‘(x,  y)e~ihi’  .  fl>  (jc,  y,  2)  =••  //'(*,  y)e',h.t  .  (3.3) 


Page  15. 


Vectors  E1,  //'  they  satisry  six  equations,  which  are  obtained  with 
substitution  (3.3)  into  the  equations  of  naxwell  (3.1): 


cut' 


dy 


ihiE. 


dpi 

,E'y  -•  —  iky.H‘x\  -1-  ihjEx  -  ikuHy] 
dx 


dE>  dE<  , 

- -  ~  -  ifcnW'; 


(3.4a) 


dx  dy 


---  i-  ihjll'z  ike El\  —  ih.H'x  =  —  ikzEL 
dy  dx 


dW  dH< 

~-~9-  —  —  =  /fee//'. 
dx  dy 


(3.4b) 


Each  wave  can  be  propagated  (when  h*>0)  or  attenuate  (whenft/<0) 

in  two  opposite  directions.  To  two  waves,  which  are  distinguished 

only  by  direction  of  propagation,  we  will  appropriate  the  indices, 

equal  in  magnitude  and  opposite  on  sign.  If  we  in  this  case  assume 

h-i  —  — hj,  (3.5) 
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then  relationship/ratios  (3.3)  will  be  valid  for  waves  of  both  of 
directions.  Let  us  agree  to  consider  that  if  ft* >0,  the  with  j>0  wave 
number  is  positi  ve  ft/  >  0,  and  if  ft*<0,  then  with  j>0  ft/  =  — /|A/|.  Then 
waves  with  positive  indices  will  be  propagated  in  the  positive 
direction  of  Z-axis,  of  wave  with  negative  indices  -  in  the  negative 
direction  of  Z-axis.  The  first  we  will  call/name  direct  waves,  the 
second  -  reverse/inverse.  The  components  of  direct/straight  and 
backward  waves  we  will  connect  with  the  relationship/ratios 


£—i  pi  p—l  pi  p~I  pi. 

x - —  L'y* 

H7‘  -  Hi,  H?  =  Hi,  Hr1  =  -  Hi. 


(3.6) 


In  this  case,  is  provided  invariance  (3.4)  relative  to  the  sign 
of  index  -  if  the  fields  of  direct  wave  satisfy  equations  (3.4), 
then,  according  to  (3.5)  ana  (3.6),  them  they  will  satisfy  also  the 
fields  of  backward  wave,  aould  be  possible  and  another 
coamunication/connecticn,  differing  from  (3.6)  exchange  E  and  H. 


Page  16. 


The  fields  of  different  waves  are  orthogonal  between  themselves. 
The  conditions  of  orthogonality  we  will  record  in  such  a  way  that  it 
would  be  correct  during  any  coaniuation  of  the  signs  of  the  indices 
of  different  waves,  in  particular  for  two  counter  waves  of  one  and 
the  same  type.  The  application/use  of  a  condition  of  orthogonality  in 
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this  form  and  invariance  (3.4)  relative  to  the  sign  of  index  will 
make  it  possible  subsequently  not  to  make  any  special  stipulations 
relative  to  the  direction  of  propagation  of  waves. 

According  to  formula  (79.11)  from  [79],  the  integral 

+  (3.7) 

s  $  (Lite  -  niir;  -  £?//'  +  k?M,)ds 

is  equal  to  zero,  if  hm--.‘hi.  in  (3.7),  as  it  is  everywhere  lower, 
integral  J...  ds  is  undertaken  according  to  the  cross  section  of 
waveguide.  Equality  zero  (3.7)  it  is  easy  to  obtain  also  directly 
from  (3.4),  (3.2).  As  is  known,  it  is  retained  during  replacement 
(3.2)  by  Leontovich*s  condition. 

Be  will  take  for  fields  E1,  H’  the  following  standardization: 

I  (El  Hi  —  EitVy)  dS  --=  kh,.  (3.8) 

Right  side  (3.8)  is  selected  by  such  shape,  in  order  to 
standardization  condition  for  the  aembrane/diaphragm  functions  [see 
below  (3.16)  ]  it  assumed  the  simplest  and  customary  form. 

The  condition  of  ortnogonaiity  and  (3.8)  it  is  possible  to 
record  in  the  form  one  condition 
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J  (ElHT  -  £&?  -  E?Hi  +  E?Hlx\dS  =  (3.9) 

where  6m/  =  0  when  m=f=j,  6//  =  1.  By  equations  (3.4)  and  (3.9)  the  fields 
of  normal  waves  in  regular  waveguide  are  determined  unambiguously 
(with  an  accuracy  to  sign)  . 

The  energy  flow,  transferred  through  the  cross  section  by  the 
normal  wave  of  number  j  (wita  an  accuracy  to  common/general/total  to 
all  waves  of  unessential  factor)  is  equal  for  real  ones  ht  is  simple 
ht.  We  will  speak,  that  the  wave  amplitude  is  equal  to  P ),  if  its  field 
essence  E  =  P)E‘,  H  —  PjH';  in  this  case  energy  flew  is  equal,  again  with 
an  accuracy  to  this  factor, 

\Pi\%-  (3. 10) 

Speaking  below  about  energy  losses  to  transformation  into  the  wave  of 
any  number,  we  always  will  imply  the  ratio/relation  of  values  (3.10), 
calculated  for  this  wave  and  for  the  incident  wave. 

Page  17. 

2.  If  t=1,  p=1,  i.e.,  for  empty  waveguides,  field  £',  H1  they 
can  be  expressed  through  two  meanrane/diaphraga  functions  Vfa*  H) 
and  cp'(x,  y) ;  these  functions  are  proportional  to  longitudinal 
components  of  magnetic  and  electric  vectors  of  hertz.  Punctions  V 
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and  <p/  satisfy  the  identical  equations 

vV  +  «V“  0;  (3.11a) 

vV  +  a/V  =  0,  (3.11b) 

where  v2  the  two-dimensional  (iu  the  variables  x,  y)  operator  of 
Laplace.  Values  <x,  essence  tae  eigenvalues  of  equation  (3.11)  under 
boundary  boundary  conditions  of  the  cross  section 

^ "  0;  (3.12a) 

dn 

<p/£=0  (3.12b) 

Here,  as  is  everywhere  lower,  n  -  external  normal  to  the  duct/contour 
of  the  section  of  regular  waveguide.  Between  values  a’,  depending  only 
on  the  geonetry  of  cross  section*  and  by  wave  numbers  k  and  h ,■  there 
is  relationship 

/!?  =  **-  a}.  (3.13) 

The  eigenvalues  of  systems  (3.11a),  (3.12a)  and  (3.11b),  (3.12b), 
generally  speaking,  do  not  coincide. 


There  is  division  into  magnetic  and  electrical  waves.  The  fields 
of  magnetic  waves  are  expressed  as  function  tj)' 


E'-O; 

oy  dx 


H‘x  =  ~  Ht  —  0?$'. 


(3.14a) 
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The  fields  of  electrical  waves  are  expressed  as  function  (p/ 


E'x  =  -ihM ;  £{,  =  —  ihj  ~ ;  £'  =  «V; 

dr  cty 

=  Uy  —  — = 

%  OJt 


Page  18. 


He  will  assume 


(3.14b) 


if-'  =  <px,  iji  1  «  —  V- 


(3.15) 


Then  relationship/ratics  (3.14)  are  also  invariant  relative  to  the 
sign  of  index. 


Expressions  (3.14)  satisfy,  as  it  is  easy  to  check,  the 
condition  of  orthogonality;  eguality  zerc  integrals  (3.7)  with  i* j  it 
follows  from  the  normal  conditions  of  the  orthogonality  of  different 
solutions  of  systems  (3.11),  (3.12).  The  accepted  for  fields  E',H' 
standardization  leads  for  functions  i)-'  and  <;■'  to  the  conditions 


-  1,  \(Wr<lS  -  1, 


(3.16) 


where  V  the  operator  or  two-diaensional  gradient;  to  usually  more 
simply  apply  equivalent  ones,  according  to  (3.12),  the  condition 


oq^'fdS^  1,  ar^ydS  =  1. 


(3.17) 


Thus  V  and  y1  they  are  dimensionless  quantities. 
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Sometimes  it  manages  also  for  the  filled  waveguides  -  under  the 
special  laws  of  filling  -  to  express  the  fields  through  two 
aembrane/diaphragra  functions.  In  this  case,  generally  speaking,  the 
components  of  their  own  waves  are  expressed  as  both 
membrane/diaphragm  functions. 

3.  Let  us  extract  function  and  for  waveguides  of  round  and 
rectangular  cross  sections.  For  circular  waveguides 

-  /V7„  (a„tf p©$;  tp1  =  ,\YJn  (atnvp)^,,p.  (3. 18) 

Here  (n,  g)  -  the  nuaber  of  wave  (H„„  or  respectively  Jn  -  Bessel 
function.  Eigenvalues  <x„7  are  connected  with  a  radius  of  waveguide  by 
the  relationship/ratios 

(3.19a) 

(3.19b) 

a 

relating,  correspondingly,  to  H-waves  and  to  E-waves. 

Page  19. 


Here  there  is  the  g  positive  root  of  eguation  J'n  Cm)=0  and  vJtv— 
the  g  positive  root  of  eguation  Jr.(v)  0.  We  will  use  obvious 
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designations  p,  and  v,.  Naraalizing  factors  M1  and  M1  are  determined 
from  (3.  16)  : 


N1  — 


_ 1 _ 

V  pj  —  ntJ,M1,)  * 


(3.20)' 


where  e„-l+At.n.  i-e.,  C-0  =  2,  6„=1  with  n=0. 


The  system  of  coordinates  x,  y  for  describing  the  field  in 
rectangular  waveguide  we  will  arrange/locate  so  that  the  origin  of 
coordinates  would  coincide  witn  the  apex/vertex  of  rectangle,  axis  x 
-  with  it  is  wide  and  y  axis  -  With  narrow  by  the  sides  of  rectangle 
(Fig.  1) .  Then 

cos-— cos  — ; 

°  6  (3.21) 

< p 1  —  Al'-sin  55?  sin  ESIi 
a  b  ’ 


where  a,  b  -  respectively  wide  and  narrow  sides.  Eigenvalues  //„,  of 
waves  and  £,„■  waves  are  expressed  oy  the  one  and  the  same  formula 


(3.22) 


Normalizing  factors  are  egual  to 

=  •./ - ! - ± 

V  ofee„e?  «y 


(3.23) 
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Fig.  1.  Section  of  rectangular  waveguide. 


End  Section. 
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Chapter  1. 


METHOD  OF  SMALL  HETEROGEKEI1IES. 


The  simplest  heterogeneity  is  a  small  heterogeneity, 
concentrated  in  low  region  and  waich  leads  to  a  small  change  in  the 
properties  of  waveguide.  There  are  three  fundamental  types  of 
heterogeneities  -  curvature,  change  in  the  properties  of  filling  and 
change  in  the  section.  The  appropriate  small  heterogeneities  they  are 
fracture  to  small  angle,  small  jump  «  and  p  of  the  filling  medium 
and  a  small  step.  In  three  paragraphs  of  this  chapter,  are  solved  the 
elect rodynamic  problems  of  wave  uissipation,  which  fall  to  such  small 
heterogeneities  -  for  coupling  of  two  semi-infinite  regular 
waveguides,  which  are  characterized  by  either  the  direction  of  axis 
or  by  the  filling  medium,  or  by  tae  duct/contcur  of  cross  section.  As 
it  proves  to  be,  in  certain  cases  the  analysis  of  the  obtained 
solutions  makes  it  possible  to  riad  also  the  field,  scattered  by  the 
irregular  section  of  finite  length  with  a  sizable  change  in  the 


DOC  =  79024302  PAGE 

parameters . 

§4.  Fracture  of  waveguide.  Bent  waveguide  as  the  limit  of  waveguide 
with  a  large  number  of  fractures. 

1.  One  of  the  basic  types  of  irregular  waveguide  is  the  bent 
waveguide  of  constant  section.  Simplest  case  of  this  curvature  - 
curvature  to  small  angle.  We  will 

begin  froa  the  computation  of  the  fields  of  naves,  scattered  at  this 
elementary  curvature.  AA  and  Bfl  -  two  planes,  which  limit  curvature 
and  perpendicular  to  botn  regular  waveguides,  connected  by  curvature 
(Fig.  2) .  Let  us  place  angle  Ad  oetween  these  planes  by  so/such  small 
that  the  distance  between  tne  corresponding  to  each  other  points  of 
planes  AA  and  BB  would  te  little  in  comparison  with  wavelength. 

Page  21. 

This  curvature  of  small  electrical  length  we  will  call  fracture.  It 
suffices  to  examine  the  flat/piane  curvature,  since  a  small 
three-dimensional/space  curvature  is  the  imposition  of  a  small 
flat/plane  curvature  and  twisting  on  small  angle,  but  a  small 
twisting  is  a  special  case  or  tne  strain,  examine /considered  into  §6. 
Have  amplitudes,  scattered  at  a  small  three-dimensional/space 
curvature,  can  be  obtained  by  tne  addition  of  amplitudes  scattered  on 
two  small  strains  indicated. 


Let  on  fracture  fall  to  the  left  the  wave  of  number  m  (ra>0)  from 
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single  amplitude,  i.e.,  tne  wave  whose  fields  are  equal  to  Em,  Hm 
Complete  field  of  section  AA(z=G)  consists  of  the  field  of  the 
incident  wave  and  sum  of  the  fields  of  backward  waves.  It  can  be 
recorded  in  the  fora 

00  °° 

£  =  £'"  +  2  ;  H  =  H'n  +  2  £-///■'•  (4- 1 ) 

/» i  /*=» 

Of  section  BB,  the  field  consists  only  of  direct  waves 

CO  00 

£=2/>/£'/.  H  =  (4.2) 

i  /= i 

Amplitudes  P_jt  p  are  the  unknown  values. 

Let  us  begin  from  the  determination  of  the  amplitudes  of  direct 
waves  in  the  second  waveguide.  Multiplying  E,  H  in  (4.2)  vector  on 
H1,  E1,  by  store/adding  up,  integrating  by  cress  section  and 
utilizing  a  condition  of  ortnoy Quality  (3.9),  we  will  obtain 

pi  =  Eh  +  l HE‘h)dS.  (4-3) 

Confronting  in  (4.3)  vectors  £,  H  they  are  related  to  section 
BB.  It  is  expressed  frem  through  vectors  E,  H  in  section  AA.  It  is 
oriented  x  axis  of  the  Cartesian  coordinate  system  in  the  cross 
section  of  waveguide  in  such  a  way  that  it  would  indicate  the  center 
of  curvature.  Y  axis  is  directed  toward  drawing,  so  that  set  of  three 
(x,  y,  z)  -  is  right.  Any  two  corresponding  to  each  other  points  in 
sections  AA  and  BB,  in  reference  to  the  coordinate  system  in  one  of 
the  sections,  for  example  in  section  AA,  have  in  it  the  identical 
coordinates  y;  coordinates  x  differ  to  the  members  of  order,  (Ad)2, 
coordinates  z  -  to  value  Az,  proportional  A3. 
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Fig.  2.  Fracture  of  waveguide. 

Page  22. 

Difference  in  coordinates  x  we  will  be  able  tc  disregard,  since  we 
should  it  will  be  necessary  determine  the  amplitudes  of  the  scattered 
waves  only  with  an  accuracy  down  tc  the  terms  of  the  first  degree  in 

AS . 

Between  the  transverse  components  of  fields  E,  H  in  sections  AA 
and  BB,  there  is  the  relationship/ratio 

Hx  -  Hx  +  A*  ^  -  Ad  ■  H:  ■  Hy  =  tly  +  A*  .(4.4) 

The  same  second  relationship/ratio,  which  contains  components  E,  we 
do  not  extract.  First  two  terms  in  (4.3)  are  the  first  members  of 
Taylor  series.  Third  term/component/addend  corresponds  to  the 
rotation  of  the  coordinate  system  in  BB  relative  to  the  coordinate 
system  in  AA.  Value  Az  in  (4.4)  is  equal  to  rAd,  wnere  r  -  a  distance 
from  center  of  curvature  to  tnis  point  in  section;  it  is  different 
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for  the  different  points  of  section. 

Let  us  present  (4.4)  in  (4.3).  In  this  case,  in  (4.4)  under 
fields  E,  H  it  is  possible  to  understand  not  coaplete  field  (4. 1)  in 
section  AA,  that  contains  incident  and  backward  waves,  but  only  £m. 
Hm,  i.e.  only  field  of  the  incident  wave.  Beally/ actually ,  with  the 
substitution  of  the  fields  of  backward  waves  P-.E"7,  P_Jtf-'(/>0)  into 
first  addend  (4.4)  appropriate  teras  in  (4.3)  they  will  fall  but  as  a 
result  of  the  condition  of  orthogonality ,  and  with  the  substitution 
of  the  fields  of  these  waves  in  the  second  addend  (4.4)  corresponding 
teras  in  (4.3)  will  give  different  from  zero  cnes  add/conposed; 
however,  they  will  be  order  (AD)£,  and  the  members  of  this  order  we 
disregard.  Thus,  in  (4.3)  it  is  possible  to  substitute,  for  H,  field 
with  the  coaponents 

Hx  =  H?  -  AD  {ih,nrH?  +  H?),  Hy  «  fl”  -  AD •  (4.5) 

and  the  analogous  field  B.  Of  this,  consists  the  special 
feature/peculiarity  of  expression  (4.3). 

Substituting  (4.5)  in  (4.3),  we  will  obtain  for  the  unknown 
values  Pi  the  following  expressions,  valid,  according  to 
preceding/previous,  with  an  accuracy  down  tc  the  teras  of  order  Ad 
inclusively:  P;  =  AD.P/fflf  (4.6) 


where  the  coefficients  F;m  are  egual  to 
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F!m  «  2kh~  {—  ih»  $  r  -  E*H”  -  fflly  +  £?//£)  «/S— 

—  J  (fc^HT  -  £?//J)  </S)  .  (4.7) 

Page  23. 

Thus  the  amplitude  of  the  scattered  waves  with  indices  jj£m  they  are 
proportional,  as  one  would  expect,  the  angle  cf  fracture  Ad. 

The  amplitude  of  the  transmitted  wave  cf  number  m  differs  from 
unity,  i.e.,  from  the  amplitude  of  the  incident  wave,  by  the  value  of 
the  order-A»;  this  is  equivalent  so  that  with  the  passage  of  fracture 
the  incident  wave  acquires  the  factor 

eiq">*  (4.8) 

where  dm  --  iF  mm*  1  •  ©  • 

qm  -=  1$  r  (E?H?-E?tOdS- ^^HT-WOdS.  (4.9) 

With  real  hm  value  dm  is  also  real.  Formula  (4.8)  gives,  thus, 
phase  change  of  the  wave,  wtvich  passed  through  the  fracture  of 
waveguide. 

In  the  bent  part  cf  tne  waveguide  always  it  is  possible  to 
conduct  certain  line^  parallel  to  generatrix,  thus,  in  such  a  way 
that  phase  change  qmM  would  be  equal  to  the  propagation  constant 
of  the  multiplied  by  differential  arc  of  this  line  lllm-  In  other 


. . . 
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words,  in  the  bent  part  tne  wave  is  propagated  with  the  same  phase 
rate,  as  in  rectilinear,  if  w«s  count  off  the  distance  between  planes 
AA  and  RB  along  the  arc  of  the  specific  line.  Is  strict  this 
correctly  only  for  infinitesimal  nodes;  in  final  curvatures,  as  we 
will  see  further,  the  phase  rate  depends  also  cn  transformation  into 
waves  of  another  type.  Generally  speaking,  for  different  waves  of 
line  lm  they  are  different,  hut,  for  example,  for  a  circular 
waveguide  they  for  all  waves  coincide  as  is  shewn  the  calculation 
(see  §22) ,  with  the  axis  of  waveguide. 

For  determining  the  amplitudes  of  backward  waves,  which  are 
propagated  in  left  waveguide,  let  us  use  the  same 

reception/procedure,  as  during  the  derivation  of  formula  (4.6).  Let 
us  multiply  (4.1)  on  h~',  E"'  and  let  us  perform  the  same 
transformations,  as  during  conclusion/derivation  (4.3).  So  we  will 
obtain  the  expression 

P-i  ~  jjyU/r^h  +  l HE~'\,}dS.  (4. 10) 

Vectors  E,  H  in  (4.10)  are  related  to  section  AA.  We  express 
them  through  vectors  E,  H  in  section  BB;  the  corresponding  formulas, 
analogous  (4.4),  they  take  the  fora 

Hx  ~  Hx  —  Az~  +  AO//,  ;  Hy  .(410 

AA  02  BB  AA  02  IBB 

where  Az  has  the  same  sense,  that  in  (4.4). 
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With  substitution  {4.1?)  in  {4.10)  it  is  possible  in  (4.11)  to 
omit  first  term,  since,  according  to  (4.2),  it  contains  only  the 
fields  of  waves  with  t  e  positive  indices  which  drop  out  with 
substitution  in  (4.10).  In  remaining  tera/ccmponent/addends  (4.11)  it 
is  possible  with  an  accuracy  dowu  to  the  terms  of  order  Ad  to 
inclusively  omit  the  fields  of  all  waves,  except  the  wave  of  number 
m,  and  its  amplitude  tc  take  as  egual  to  unity.  Producing  further  the 
same  transformations,  as  during  conclusion/derivation  (4.6),  we  will 
obtain 


P_  K  -v 


(4.12) 


Coefficient  f  is  obtained  from  F,n  (4.7)  by  the  formal  replacement 
j  on  -j.  Formulas  (4.6),  (4.12)  and  (4.7)  solve  stated  in  this 
point/item  problem  of  scattering  on  a  small  fracture.  The 
investigation  of  coefficients  f we  will  produce  further  during  the 
development  of  the  general  method  of  cross  sections. 


2.  Obtained  above  results  make  it  possible  in  number  of  cases  to 
find  wave  amplitudes,  arising  witn  passage  of  curvature  with  final 
angle  d0.  Let  us  replace  for  tnis  the  mentally  bent  waveguide  with 
waveguide  with  numerous  small  fractures,  i.e.,  by  the  waveguide, 
which  consists  of  the  rectilinear  cuts,  connect/ joined  together  at 
small  angles.  The  parasitic  wave  of  any  fixed/recorded  index  j  at 


I 

i 
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output  is  obtained  by  the  addition  of  the  amplitudes  of  the 
"elementary"  waves  of  this  index,  generatrices  on  each  fracture. 
Results  for  a  curvature  are  ootained  by  passage  to  the  limit  from  sum 
to  integral.  Analogous  reasoning  is  applied,  as  is  known,  in  the 
theory  of  long  lines  during  the  derivation  of  formulas  for  a 
reflection  coefficient  from  line  with  alternating/variable  wave 
impedance;  elementary  heterogeneity  in  this  problem  is  a  small  jump 
of  wave  impedance. 


The  amplitude  of  the  elementary  parasitic  wave  of  number  j^m, 

which  arose  in  the  section  of  tae  bent  waveguide,  situated  between  d 

and  is  equal,  accoruing  to  ".6),  value  Fjm AO,  multiplied  by 

wave  amplitude  of  number  m  (incident  wave)  at  this  point.  According 

o 

to  (4.8),  this  last/latter  amplitude  is  equal  to  -*J "m  d0  if  we 

e  ®  _ 

count  off  arc  length  tm  from  tae  beginning  of  curvature.  After 
reaching  the  end/lead  of  the  bending,  parasitic  wave  in  turn, 
acquires  supplementary  phase  _,h. (/,■«>.>-/,«>:;  Thus,  amplitude  of 

£  0  z=z  £  11  1  * 

elementary  parasitic  wave  at  output  will  be  equal  to 


Page  25. 


The  total  amplitude  of  parasitic  wave  at  output  is  equal,  with  an 
accuracy  to  unessential  factor  e~‘h> l> <’iM)  to  value 


F,m\ 


(4. I3\ 


5 
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For  the  aaplitude  of  backward  wave,  will  be  obtained  the  same 
expression  with  replaceaent  f/«*  and  F~,m  and  h/  on  h-,~~h,. 


In  row/series  the  case  integral  (4.13)  can  be  calculated  in  an 
elementary  aanner,  for  exawple,  for  a  bending  with  the  constant 
radius  when  /,„(<>)  and  /;($)  they  are  proportional  8.  For  a  bending  with  a 
variable  radius,  if  we  for  simplicity  assume  /OT(0)  =  /,•(<>)  and  to  call 
radius  r  distance  from  center  of  curvature  to  the  line,  along  which 
is  counted  off  the  length  1*  integral  (4.13)  can  be  recorded  in  the 


form 


(4.14) 


where  L  -  length  of  bending. 


The  produced  higher  analysts  of  the  propagation  of  waves  in 
bending  by  the  final  angle,  whicn  proceeds  from  the  solution  of  the 
problem  of  a  small  bending  (fracture) ,  possesses  the  specific 
physical  clarity.  With  this  approach  is  explained  the  sense  of 
coefficient  it  becomes  clear  tne  structure  of  exponential  factor 
in  (4.13)  .  According  to  this  point  of  view,  the  formation  of 
parasitic  waves  at  the  bend  consists  of  two  processes:  from  the 
formation  of  the  elementary  waves  on  fracture  and  from  the  addition 
of  these  elementary  waves  witn  appropriate  phase  change.  This  point 
of  view  is  highly  useful  during  the  qualitative  analysis  of 
concrete/specific/actual  systems.  The  method,  with  the  aid  of  which 


,1 
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was  obtained  explicit  expression  (4.7)  for  *>“  it  allows,  being  based 
on  expansion  (4.4),  to  isolate  two  factors,  calling  the  regeneration 
of  waxes  in  fracture  and  heading.  The  first  -  dissimilarity  of  the 
distance  between  the  appropriate  points  of  two  sections,  turned 
relative  to  each  other  cn  certain  angle.  The  second  factor  bears 
vector  character  -  the  transverse  components  of  fields  in  certain 
section  prove  to  be  connected  vita  longitudinal  components  in  the 
adjacent,  turned  section. 

On  the  other  hand,  strict  derivation  of  formulas  of  type  (4.13) 
from  (4.6)  proves  to  be  sufficiently  laborious,  more  complex  than 
their  direct  obtaining  from  the  equations  of  Maxwell. 

Page  26. 

The  developed  in  last/latter  poiut/item  method  is  limited  by  the 
condition  that  energy  of  the  fundamental  wave  is  not  changed 
noticeably  with  the  passage  of  entire  bending  and  that  it  is  possible 
to  disregard  secondary  interaction  of  parasitic  waves  with  each  other 
and  with  the  fundamental  wave.  This  condition  in  any  case  requires  so 
that  the  radius  of  curvature  would  be  great,  kr»1.  Furthermore,  the 
perturbation  method,  used  during  the  solution  of  the  problem  of 
fracture,  proves  to  be  insufficient  near  the  critical  frequency  when 
h/-*0  ana  co  and  eveu  m  row/s»ries  the  case.  Therefore  the 
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total  analysis  of  bending  to  final  angle  we  will  produce  below,  being 
based  on  the  system  of  differential  equations  for  coefficients 
considered  as  functions  from  d.  Xms  system  also  can  be  derived  from 
(4.6) ;  however,  simpler  and  more  common/general/total  is  the 
application/use  of  a  method  of  cross  sections,  developed  in  chapter 
II. 

§5.  Small  jump  dielectric  ana  of  magnetic  filling.  Waveguide  with 
alternating/variable  filling  as  the  limit  of  waveguide  with  laminar 
filling. 

1.  Second  fundamental  type  of  irregular  waveguide  is  rectilinear 
waveguide  of  constant  section,  in  which  e  and  p  its  filling  medium 
they  are  changed  along  waveguide,  so  that  e=e(*,  y,  z),  p  =  p (x,  y,  z).  To  this 
type  of  irregularities  they  are  related,  in  particular,  different 
inserts  with  alternatiny/variaoie  section.  Usually  in  them  e  (or  p) 
-  discontinuous  function;  nowever,  common/general/total  results  to  is 
simpler  obtain,  counting  first  e  ana  p  by  continuous  functions  and 
completing  then  the  appropriate  passages  to  the  limit. 

The  simplest  case  of  tnis  irregularity  is  a  small  jump  e  and  p 
in  any  section,  i.e. ,  articulation  of  two  semi-infinite  regular 
waveguides  with  close  values  e  and  p.  Let  us  find  wave  amplitudes, 
scattered  on  this  jump.  Let  us  oegin  fro®  the  determination  of  the 
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amplitudes  of  direct  waves* 

Let  when  2< 0  e=e(x,  y)—Ae.  p=p(x,  y)  —  Ap,  when  z>0  e=e(x,  y),  #*  =  |« (Jr, 
where  Ae  and  Ap  -  low  values,  which  are,  generally  speaking, 
functions  from  x  and  y  (Fig.  3a). 
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CzEIX.1/)  C-Etr.yt 

E-.Etr.y). 

/'://fr.</t  fl'fJ/X.y) 

/■--fHr.yt- 

7 

'*  * 

•/7 

a  b 

Pig.  3.  Small  jump  of  the  properties  of  medium. 

Page  27. 

Falls  to  the  left  the  wave  of  number  a  from  single  amplitude,  it  is 
necessary  to  find  the  amplitudes  of  direct  waves,  which  exit  from  the 
place  of  coupling.  This  prooiem  is  solved  belcw  by  the  method,  which 
are  the  version  of  the  method  of  the  slight  disturbances; 
disturbance/perturbatica  is  caange  e  and  p  in  left  waveguide  to  low 
values  — Ae,— Ap. 

lihenAe~o,  Ap~0  undisturbed  field  in  entire  waveguide  equal  to 
the  field  incident  wave  £*,  Hm.  When  .\e=i=0  Ap=£0  appear 
supplementary  fields  AE  and  An.  These  fields  satisfy  the  equations, 
which  are  obtained  during  the  variation  of  the  equations  of  Maxwell 
(3.19,  written  for  f",  H* 

rot  A E  +  =  ik&nHm,  rot  A H  —  iktbE  =  —  ik&zEn.  (5. 1) 

According  to  (5.1),  fields  as  and  AH  are  created  by  the  magnetic 
currents  whose  density  as  proportional  •  and  by  the  electric 
currents  whose  density  as  proportional  As -Em.  These  exciting  currents 


i 
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are  arrange/located  with  z<0.  It  is  necessary  to  determine  the 
fields,  excited  with  z>0. 


Hith  z=+0  field  AE  and  AH  they  take  the  form 
A  £  =»  J)  E‘-  AH  =  S  (p#  ~  M  "'•  (5-2) 

j-i  /-» 

where  pi  -  the  unknown  amplitudes  of  direct  waves. 


According  to  (3.7)  and  (3.6),  the  condition  of  orthogonality 
(3.9)  can  be  recorded  in  tae  fora 

J (HT^h-  ItTE-’MdS  ~  2kh,b,m.  (5.3) 

Applying  this  formula,  we  will  obtain  that  P,  (with  jfm)  the 
integral  expression,  analogous  (4.3): 

P]  =  2^7  j  {W~'AEi*  ~  \AH  dS.  (5.4) 

On  the  other  hand,  froa  (5.1)  and  the  equations  of  Harwell  (3.1), 
recorded  for  fields  E~!,  H~‘  in  the  undisturbed  waveguide,  follows 


div{(«-'A£J  —  [WET1))  = 

=  ik  (Aztn  -An -Hr  H~‘).  (5.5) 


let  us  integrate  this  eguaiit; 
Ae^sO,  An  4=0. 

Page  23. 


ma  respect  to  entire  space  in  which 


Let  us  consider  in  this  case  coat  according  tc  boundary  condition 
(3.2),  which  satisfy  the  fields  ET1  and  AE,  the  normal  to  metal 
components  of  vectors  |//  AE]  and  are  equal  to  zero.  Let  us 


introduce  a  small  complexity  of  wave  number  k,  what  will  ensure  the 
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convergence  of  integral  during  integration  on  z  of  -  •  to  0  and 
disappearance  of  the  result  of  the  substitution  of  lower  limit.  Thus 
for  the  unknown  amplitudes  of  direct/straight  parasitic  waves  (5.4) 
we  will  obtain 

pi  “  farr'-AnH-tr1)*®,  (5.6) 

where  the  integral  it  is  undertaken  with  z=-0.  The  comparison  of  this 
expression  with  the  usual  formulas  of  the  theory  of  excitation  of 
waveguides  emphasizes  the  physical  sense  of  the  right  sides  of 
equation.*  (5.1). 

During  the  determination  of  the  amplitudes  of  backward  waves,  we 
let  us  assume  that  the  disturbance/perturbaticn  occurs  in  right 
waveguide,  i.e.,  that  when  z<0  e  =  e(x,  </),'p  =  p(.v,  y),  while  when 
z>0  e  =  e(x,  y)  +  Ac,  P=P(x,  y)  +Ap  (Fig.  3.b).  In  this  case,  Ae  anC  Ap 
they  will  have  the  same  values,  as  is  above,  but,  as  for  the 
definition  of  the  amplitudes  of  direct  waves,  to  calculate  field  will 
have  only  in  the  region,  whicn  does  not  contain  sources,  which,  as  is 
known,  it  is  simpler.  Repeating  the  same  lining/calculations,  as 
during  the  computation  of  the  amplitudes  of  direct  waves,  and  again 

utilizing  (5.1),  we  will  obtain 

P-i  =  f  (AeW -  Ap/Ttf' ) dS.  (5.7) 

Two  last/latter  formulas  solve  stated  problem  of  the  fields,  which 
appear  during  a  small  abrupt  change  in  the  properties  of  medium,  that 
fills  waveguide. 
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2.  From  formulas  {5. 6-5. 7)  it  is  possible,  in  particular,  to 
obtain  condition  of  fact  that  jump  e  and  p  will  not  cause 
appearance  of  parasitic  waves  of  another  type,  than  falling.  Let  us 
show  first  that,  besides  the  condition  of  orthogonality  (3.9),  of 
field  of  different  waves  satisfy  still  another  condition  of 
orthogonality,  which  contains  ali  three  components  of  the  fields: 

$  (e£m£'  +  '  )rfS  =  -  2ham6m/.  (5.8) 

This  condition  follows  iron  the  identity 

div  +  [//'£"*]}  =  2  ik  (. iEmE>  +  (5.9) 

which  in  turn,  it  is  easy  to  obtain  froa  the  equations  of  Maxwell 
(3.1),  of  written  for  fields  waves  of  numbers  m  and  j. 

Page  29. 

In  order  to  obtain  from  (5.y)  condition  (5.8),  it  is  necessary  in 
(5.9)  to  produce  differentiation  with  respect  to  z,  and  then  to 
integrate  the  obtained  relationship/ratio  the  cross  section  and  to 
utilize  boundary  condition  (3.2)  for  E,n  and  E1  and  the  normal 
condition  of  orthogonality  (3.9). 

From  comparison  (5.6)  and  (5,7)  with  (5.8)  it  follows  that  if  in 
all  points  of  interface  (z=0)  is  satisfied  the  condition 


Ae  =  A  t,  A|i  =  —  A-p, 


(5.10) 


iijf;  iff  iitlfi'i.i, 
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where  the  constant  A  does  not  depend  on  x  and  y,  then  the  phenomena 
of  transformation  will  not  be  and  will  arise  only  reflected  and  past 
waves. 


Condition  (5.10)  -  sufficient,  but  not  necessary.  Let  us  note 
that  it  is  more  powerful  than  the  requirement  of  equality  the  phase 

rate  in  both  waveguides,  waich  can  be  recorded  in  the  form 

A(ep)=0.  (5,11) 

This  condition  follows  from  (5.10).  The  absence  of  jump  in  phase 
rate,  i.e.,  condition  (5.11),  generally  speaking,  is  insufficient  so 
that  there  would  not  be  the  transformations. 


3.  Before  passing  to  examination  of  waveguides  in  which  e  and 
p  essence  arbitrary  functions  z,  let  us  generalize  (5.6)  and  (5.7)  to 
case  when  transition  between  two  semi-infinite  waveguides  with  close 
values  e  and  p  occurs  in  low  section  of  length  Az(kAz«1). 

Analyzing  the  method  which  obtained  these  formulas,  it  is  easy  to 
ascertain  that  they  remain  valid  also  in  this  case.  It  is  necessary 
only  by  Ae  and  Ap  to  understand  tne  complete  value  of  difference 


6  and  p  in  both  waveguides.  For  ruture  reference  it  is  convenient 

~i 

dz  “*,V4  dz 


d&  a  Ap  . 

to  replace  under  integral  sign  As  by  jAz  and  -  oa  ~az.  Let  us 


introduce  another  designation 

s»=3^U$Em,r'-aiH"H'‘)dS-  (512) 
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then  for  the  amplitudes  of  the  direct/straight  and  reverse/inverse 
parasitic  waves,  scattered  by  this  heterogeneity,  we  will  obtain 

Pi  —  S,m  Az  (/  =f=  m)\  —  —  S-,m  Az,  (5.13) 

c  - 

where  -  is  obtained  frothy  the  formal  replacement  j  on  -j. 

Strict  derivation  of  these  formulas  will  be  given  in  the  following 
chapter. 

Now  in  the  irregular  section  of  length  and  y  essence 
arbitrary  functions  not  only  from  x  and  y,  but  also  from  z. 

Page  30. 

This  section  can  be  represented  m  that  consisting  of  the  row/series 
of  short  regular  waveguides  in  wmch  e  and  p  they  differ  to  low 
values  Ae  (x,  y),  An  (x,  y).  aapij.tudes  of  the  parasitic  waves,  which 

are  formed  on  each  jump,  are  given  by  formula  (5.13).  Complete  wave 
amplitude,  scattered  in  entire  irregular  section,  is  obtained  by  the 
addition  of  all  elementary  parasitic  waves  taking  into  account  phase 
change.  This  calculation  method  is  valid,  it  goes  without  saying, 
only  when  the  secondary  transformations  cf  the  parasitic  and  incident 
waves  can  be  disregarded.  Tnis,  in  any  case,  it  can  be  fulfilled  only 
for  waveguides  with  the  slowly  cnanging  parameters,  i.e.,  for  the 
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waveguides,  in  which  the  change  t  and  p  at  a  distance  of  the  order 
of  the  wavelength  or  linear  dimensions  of  cross  section  is  small  in 
comparison  with  values  e  and  p,  and  far  from  the  points  at  which 
0.  Analogous  reasoning  is  applied  in  the  theory  of  the  propagation 
of  waves  in  infinite  inhomogeneous  medium  (L.  M.  Brekhovskikh,  [80]). 

The  propagation  of  tne  fundamental  wave  from  the  beginning  of 
the  irregular  section  z=0  to  cue  layer,  which  lies  between  z  and 
z+Az,  and  the  propagation  or  formed  on  this  layer  parasitic  wave  from 
it  to  output  of  the  irregular  section  (i.e.  tc  section  z=L  for  direct 
waves  and  z=0  for  reverse/in ver se  ones)  occurs  somewhat  more  complex 
than  in  the  analogous  prooiea  of  tne  bent  waveguide,  since  wave 
numbers  hm  and  h,  j.n  the  case  in  question  depend  on  z.  From  the 
representation  of  irregular  waveguide  as  about  the  limit  of  laminar 
it  follows  that  phase  change  witn  the  passage  of  any  section  is  equal 
to  integral  J  h,dz,  undertaken  on  this  section,  i.e.,  a  difference  in 
the  values  of  functions  r,(z).  which  we  will  determine  by  the  equation 

T  i  —  ^hjdz,  f  (5. 14)' 

0 

at  the  end  and  beginning  of  section.  The  nodule/modulus  of  the  wave 
amplitude,  which  is  propagated  along  waveguide,  is  changed  in  such  a 
way  that  the  constant  would  remain  the  flow  of  its  energy;  according 
to  (3.10),  in  this  case  P/~ l/V'V  Repeating  the  same  reasoning 
which  brought  us  to  (4.14),  we  will  obtain  for  the  amplitudes  pi  of 
the  direct/straight  parasitic  waves,  which  appear  during  incidence  in 
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the  wave  of  number  m,  when  Pm~  1,  expression  (jfm) 

]/  i~TT  l  Sim  VhjK  dz,  (5. 15) 

r  i  ’  0 

where  is  again  lowered  unessential  phase  factor. 

Page  31. 

The  amplitude  of  backward  wave  is  obtained  by  replacement  in  (5.15) 
r/'  on  r-y*  sim  on  and  h,(L)  onh;(0).  In  contrast  to  analogous 

coefficient  P,m  in  the  problaa  of  bending,  the  coefficient 
depends  on  z  and  therefore  it  cannot  be  removed  as  integral  sign. 

The  analysis  of  expressions  (5.15)  and  of  entering  in  them 
coefficients  S/m  we  will  produce  further  after  we  will  obtain  by 
their  although  less  demonstrative,  stricter  and  serial  mode.  Let  us 
note  here  only  that  by  a  sufficient  condition  of  the  fact  that  during 
propagation  in  waveguide  with  alternating/variable  filling  will  not 

occur  the  phenoaena  of  transforaation,  will  be  the  condition 

—  —  Ae,  —  ---- — .4[i  (A  ffc* 3aitncin  or  y),  (5.16) 

dz  dz 

Key:  (1).  A  does  not  depend  on  x,  y)  . 

analogous  (5.10).  This  condition  is  again  more  powerful  than  the 
requirement  of  the  constancy  of  pnase  rate  0(z\\);dz  --  0.  Condition 
(5.16)  in  integral  fora  means  that  there  is  this  function  d>(z),  that 
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/  ,  /  >  <t>  (z) 

e  (*,  y,  2)  =-  e  (x,  y,  20)  — — - ; 

(r0) 

M-v.  y.2)  M-v.  y. ’u)^.  (5-17) 

§6.  Small  step.  Rectilinear  irregular  waveguide  as  the  limit  of 
stepped  waveguide. 

1.  Third  and  most  complex  nasrc  type  irregular  waveguide  is 
rectilinear  tapered  wela.  The  simplest,  "elementary”  irregularity  of 
this  type  to  calculation  by  which  we  pass,  is  step  in  waveguide, 
i.e.,  the  connection  of  two  waveguides  with  close  cross  sections. 

Let  with  z<0  the  section  or  waveguide  be  limited  by  duct/contour 
C_,  when  z>0  -  by  duct/contour  Cv.  Duct/contours  C-  and  C+  can  be 
characterized  by  in  terms  or  position  (as  with  shift  or  joining  of 
waveguides),  value  or  fora.  As  tne  characteristic  of  step  serves  the 
function  6(s),  equal  regarding  the  distance  between  the  appropriate 
points  of  duct/contours  C_  and  C.,;  it  depends  on  coordinate  s, 
calculated  along  the  duct/contour  of  cross  section.  Since  we  examine 
only  small  steps,  then  there  is  no  need  strict  mathematical 
determination  what  points  of  two  auct/contours  we  call  appropriate. 
For  a  small  step  j&j,  it  is  small  in  comparison  with  wavelength  and 
with  the  size/dimensicns  of  cross  section. 
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Page  32. 

le  will  place  6(s)>0,  if  at  tae  particular  point  transition  from  s 
CL  to  c+  indicates  motion  to  tae  side  of  standard  into  metal,  i.e.f 
the  expansion  of  waveguide,  and  6<0,  if  occurs  reverse/inverse 
condition  (Fig.  4)  .  With  6=0  both  of  waveguides,  they  are  identical 
(it  is  equally  arrange/iocated) ;  difference  6  from  zero  it  is  the 
disturbance/perturbation,  calling  the  appearance  of  waves,  scattered 
from  joint.  The  special  feature/peculiarity  of  this 

disturbance/perturbaticn  or  mathematical  sense  lies  in  the  fact  that 
it  is  related  not  to  equation,  out  to  the  position  of  the  surface  on 
which  are  placed  the  boundary  conditions.  Disturbance/perturbation, 
i.e.,  snail  strain  of  the  surface  of  metal,  is  transition  from  one 
surface,  on  which  is  fulfilled  boundary  condition  (3.2),  to  another, 
on  which  is  satisfied  the  same  condition. 

For  the  calculation  of  field  distortion,  it  is  expedient  to 
replace  the  strain  of  surface,  on  which  it  is  correct  (3.2),  by  a 
small  change  in  this  condition  on  the  undisturbed  surface.  Let  us 
establish/install  this  new  Boundary  condition,  equivalent  strain, 
which  let  us  call/name  equivalent  boundary  condition. 
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Let  before  strain  the  surface  occupy  position  S0  {Fig.  5a)  (n  - 
standard  into  metal) ,  after  strain  -  position  S,  and  let  these 
surfaces  be  only  close,  out  also  tney  compose  small  angle.  The 
distance  between  the  appropriate  points  S  and  S0  let  us  designate  by 
letter  Sign  l  is  accepted  by  such,  that  during  the  location  of 
surfaces,  shown  on  Fig.  5a,  l<0.  d ith  second  possible  location  S  and 
S □,  appropriate  Fig.  5b,l>0. 
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Pig.  4.  Step  in  waveguide. 


- - - J  A 

Fig.  5.  To  conclusion/derivation  of  equivalent  boundary  condition 


(6.1)  . 


Page  33. 


Tangential  to  S0  component  K  on  S0  is  small,  it  is  determined  by 
currents  and  charges  in  the  section,  close  to  the  point  in  question, 
in  other  words,  for  E  there  is  a  local  boundary  condition.  After 
using  the  integral  form  tne  first  equation  of  Maxwell  (3.1)  (with 
p=1)  to  duct/contour  AECC  and  taxing  into  account  that  for  S 
correctly  usual  boundary  condition  (3.2)  ,  we  will  obtain  the  unknown 

equivalent  boundary  condition 

Et  ■-=  ikl  nllt  1  grad  (Enl),  (6. 1 ) 


(6.1) 


rim,*.'*- 
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where  t  -  is  unit  vector,  tangential  to  S0.  This  condition  makes 
following  sense:  in  the  field,  limited  S0,  the  field,  created  by  any 
sources,  will  under  equivalent  ooundary  condition  (6.1)  on  the 
undisturbed  surface  S0  have  the  same  value,  as  under  usual  boundary 
condition  (3.2)  on  the  disturbed  surface  of  S. 

Fig.  5a  corresponds  K0.  It  is  easy  to  show  that  the  fora  of 
equivalent  boundary  condition  (6.1)  will  not  change  during  sign 
change  In  order  to  obtain  (6.1)  for  the  location  of  surfaces, 
datum  in  Fig.  5b,  it  is  necessary  to  first  establish/install  boundary 
condition  for  S  in  the  auxiliary  problem,  depicted  in  Fig.  5c,  and 
then  to  pass  to  the  conditions,  wnich  correspond  to  Fig.  5b.  In  this 
way  it  is  possible  to  show  which  (6. 1'  is  correct  with  any  sign  l- 

The  replacement  of  strain  by  boundary  condition  (6.1)  introduces 
into  calculation  soca  conditional  surface  magnetic  currents.  The 
field  distortion,  connected  with  strain,  from  a  formal  point  of  view 
proves  to  be  that  caused  ny  these  currents. 

2.  let  us  use  equivalent  boundary  condition  (6.1)  to  it  is 
calculated  wave  amt-iltudes,  scattered  on  step.  During  the  computation 
of  the  amplitudes  of  direct  waves  ye  will  consider  strain  the 

divergence  of  the  surface  of  left  waveguide  (z<0)  from  the 
continuation  of  the  surface  of  right  waveguide  (z>0) ;  then  the 
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magnetic  curren  s,  calling  parasitic  field  will  be  arrange/located 
the  regions  where  searches  for  this  field,  in  this  case,  is  obvious 
/(z,s)  =  6(s)  *hen  *<0,  /  —  C  with  z>0.  To  the  right  in  (6.1),  stand 
the  undisturbed  fields,  equal  to  E”\  Hm- 

Boundary  condition  (6.1)  is  correct  only,  where  surfaces  S  and 
S„  are  not  only  close,  hut  also  coaprise  small  angles.  Near  step  this 
condition  is  not  fulfilled;  therefore  in  the  vicinity  of  order  6  of 
section  z=0  the  tangential  component  E  on  S0  is  different  frca  (6.1). 
Because  of  this  the  obtained  below  foraulas  will  contain  the  error 
for  order  62.  He  will  determine  the  amplitude  of  the  scattered  waves 
only  in  the  first  order  on  6. 

Amplitudes  Pi  we  will  rind  oy  the  same  formula  (4.3),  which 
they  used  in  the  problem  of  a  small  bending- 

Page  34. 

For  determining  entering  in  (4.3)  integral  frcm  section  let  us 
integrate  over  entire  space  of  left  waveguide  the  equality 
div  {[H~lE\  —  ( HE '  'l)  0,  (6.2) 

which  it  is  easy  to  obtain  froa  tne  equations  of  Harwell  (3«1).  In 
(6.2)  E,  H  -  complete  field;  on  surface  S0  whose  cross  section, 
regarding,  despite  all  z  limited  oy  duct/contour  C<-,E  satisfies 
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condition  (6.1),  into  which  it  as  possible  to  substitute  field 
ET,  ftn-  During  integration  and  during  conclusion/derivation  (5.6),  let  us 
introduce  the  snail  complexity  t.  Field  E~‘ ,  H~'  satisfies  for  SQ 

normal  condition  (3.2);  therefore 

P,  -  [H-'EU  dsdz.  (6.3) 

It  is  necessary  to  calculate  this  integral,  utilizing  boundary 
condition  (6.  1) .  The  direction  or  unit  vector  s  we  will  select  in 
such  a  way  that  the  vectors  n,  s  and  the  unit  vector  in  direction  z 
would  form  the  right-handed  triad.  The  entering  in  (6.3)  components 
fields  E  to  S0  will  be,  according  to  (6. 1)  , 

Ez  =-  ikt>H?  +  f.  (£? 6),  £>  -  7  -1-  f  (£"*)•  M 

dz  os 

Let  us  substitute  (6.4)  in  (6.3) ;  adding  and  deducting  the 
appropriate  terms,  let  us  isolate  under  integral 
ter  m/com  ponon t /a  ddends 

f  {EZH7‘ 6)  -  ~  (6.5) 

oz  OS 

During  integration  these  term/coaponent/addends  disappear;  the 

first  due  to  condition  6=0  with  z=0,  the  second  as  a  result  of  the 

periodicity  of  all  functions  from  s.  Since  the  dependence  of 

integrand  in  (6,3)  on  z  is  known,  then  it  is  possible  to  produce 

integration  for  z.  Utilizing  anotner  equation  of  Maxwell  for  the 

field  of  wave  of  number  -  j,  we  will  obtain  the  unknown  expression 

for  the  amplitudes  of  direct  waves,  scattered  by  the  step 
P ,  =  -  <£  6  (s)  (EZtf  +  H?Ht>  +  H?H7')ds.  (6.6) 


It  it  is  possible  to  record,  taking  into  account  conditions  (3.6), 


DOC  =  79024302 


PAGE  3TT“ 

£3 


which  connect  the  fields  of  counter  waves,  in  the  more  convenient 

f °rB:  P,  =  — 1—  &  6  (s)  (£?£*  +  H?H '  -  HTHl) ds.  (6.7) 

H  *W  J 


The  amplitudes  of  backward  waves  are  found  analogously. 


Page  35. 


As  surface  SQ,  one  should  despite  all  z  take  in  this  case  the  surface 
of  left  waveguide  and  tc  set/assuae  {(z)  —  0  with  z<0,  /(?,/)«=—  6(s) 
with  z>0,  i.e.,  to  examine  as  disturbance/perturbation  the  divergence 
of  the  surface  of  right  waveguide  from  the  continuation  of  the 
surface  of  left. 


Repeating  the  saae  lining/caiculations,  we  will  obtain 
P-i «  -  i  *  (s)  </-T£A  •!-  //?//!  +  «r//i)ds.  (6.8) 

■“/  («/  *r  J 

Rave  amplitudes,  scattered  oj  step,  are  expressed,  thus, 
integrals,  undertaken  on  the  duct/contour  of  the  section  of 
waveguide;  they  contain  the  aeight/altitude  of  step  to  the  first 
degree.  On  step  will  arise  toose  ail  waves  for  which  with  datua  6(s) 
integrals  (6. 6) -{6. 8)  are  different  from  zero,  i.e.,  all  waves  which 
are  excited  by  magnetic  currents  (6.1),  created  by  the  transmitted 
wave  of  number  a. 


3.  As  example  of  appiicaticn/use  of  obtained  formulas,  let  us 


ptojM 
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examine  simplest  problem  of  incidence  in  symmetrical  magnetic  wave  on 
step  in  circular  waveguide,  in  symmetrical  magnetic  wave  Hs  —  0, 

En  —  0,  therefore  will  arise  only  magnetic  waves.  The  character 
of  the  dependence  of  the  fields  of  these  waves  on  azimuthal  angle  is 
determined  by  the  fact,  wiiat  components  strongly  are  represented  in 

the  expansion  of  function  6 (s)  in  Fourier  series 

00 

6  (s)  Re  ^  W',:a  .  (6-9> 

From  (6.7),  (6.8)  it  follows  that  the  wave  amplitude  tfn«  will  be 

proportional  IM-  For  symmetrical  step  —  0  with  n#0,  will  arise  only 
the  waves  Hoq,  amplitude  of  whicn  it  is  proportional  |6o|.  This  step  is 
formed  during  coupling  of  the  waveguides  of  different  radii  with 
common  axis.  In  expansion  (6.9)  the  coefficient  60  is  different  from 
zero  in  those  all  cases  when  the  sectional  areas  of  the  joined 
waveguides  are  different,  and  in  this  case  in  stray  field  are  present 
waves  Ha,.  If  with  butting  are  somewhat  displaced  the  centers  cf 
sections,  and  radii  are  equal,  tnen  (6.9)  it  will  consist  of  one 
term/component/addend  (n~1),|6ijit  will  he  equal  to  the  shift  of 
axes,  and  will  ar;  se  only  waves  Hiq.  if  the  cross  section  of  one 
waveguide  is  a  circle,  and  another  -  ellipse  with  semi- axes  a+At, 
a-h2,  t^will  ar*'  se  waves  Hw  and  thq,  moreover  wave  amplitudes  are 
proportional j60|  = I At-hz  1  2,  and  wave  amplitudes  are  proportional 

|6*J=  (A»*A)  /2. 


Page  36. 
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The  common/general/total  expression  for  energy  losses  during 
incidence  in  the  wave  is  easy  to  find  from  the  preceding/previcus 
formulas  and  formulas  §3.  Simple  lining/calculations  give 


(6.10) 


where  ht  -  wave  number  of  incident  wave.  Addition  in  (6.10)  is 
conducted  on  all  propagated  waves.  In  (6.10) ,  are  taken  into  account 
waves  of  both  of  directions.  Ihe  energy,  taken  away  by  each  direct 
wave,  \hnq  +  h,  jyj/z,,,  ~ h,|4'  times  is  more  than  the  energy,  taken  away  by 
backward  wave  of  the  same  number. 


We  will  not  here  investigate  in  detail  expressions  (6.10).  Let 
us  note  only  that  at  the  hign  frequencies  when  the  phase  rates  of  all 
waves  are  close  to  each  other,  it  is  possible  out  of  the  very  narrow 
resonance  regions  in  which  l^n?|  is  small,  to  replace  last/latter 
factor  in  (6.10)  by  number  with  2.  In  this  case,  the  losses  will  net 
virtually  depend  on  frequency. 

This  result,  as  it  will  ne  shown  into  §9,  has  general  character, 
it  is  valid  for  any  waveguide.  It  it  is  possible  to  connect  with  the 
fact  that  at  high  frequencies  tne  passage  by  the  waveguide  wave  of 
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step  is  analogous  with  incideace/drop  at  the  angle  of  Brillouin  of 
plane  wave  on  step  on  plane.  The  amplitude  of  diffracted  on  this  step 
wave,  as  it  is  easy  to  show,  is  proportional  to  the  ratio  of  the 
height/altitude  of  step  to  the  wavelength,  aiultiplied  by  the  sine  of 
slip  angle.  At  high  freyuenca.es  the  sine  of  slip  angle  is  of  the 
order  A/a,  so  that  the  amplitude  of  the  diffracted  wave  does  not 
depend  on  X. 

The  numerical  values  of  the  internal  sum  in  (6.10)  at  high 
frequencies  depend  only  cn  the  azimuthal  number  n;  for  rough 
estimates  these  subs  it  is  possible  to  replace  by  numbers  for  4,  7, 
19,  122,  12,  ...  £r  ,  correspondingly,  n=0,  1,  2,  3,  4.  These  numbers 
can  be  considered  as  statistical  weights,  with  which  into  expression 
for  losses  enter  the  average/mean  values  of  the  squares  of  Fourier 
coefficients  function  6  (s) .  These  results  make  it  possible  to 
establish/install  tolerances  for  tne  accuracy  of  the  butting  of 
waveguide  sections. 

4.  There  is  single  bond  oetween  P-m  and  Ahm,  i.e.  between  wave 
amplitude  of  number  m,  reflected  from  step,  and  change  A hm  in  wave 
number  of  this  wave  upon  transrer  rrom  left  tc  right  waveguide-  Let 
us  establish  this  commumcation/counection . 


A  change  in  the  wave  number  simply  can  be  obtained,  applying 


DOC  =  79024302 


P  AGE 


1,1 

formula  (6.2)  to  the  fields  of  tne  wave  of  number  m  in  right 
waveguide  (£"',  Hm)  and  the  wave  of  number  -  m  in  left  waveguide 


Page  37. 


In  the  left  waveguide  of  the  rield  of  the  second  wave,  they  satisfy 
simple  ooundary  conditions  (3.2),  the  fields  cf  the  first  -  to 
equivalent  boundary  conditions  (fa.  1) ,  moreover  /  for  all  z  is  equal 
-6(s).  Isolating  in  (6.2)  derivative  by  z  and  integrating  by  the 
region,  limited  by  duct/concour  C. ,  we  will  obtain 

Ah  =  ~i-(f)l//-mnnds.  (6.11) 

2,khm  J 

After  substituting  then  (6.1)  and  retaining  everywhere  only  first 
order  on  and  6,  let  us  rind  expression  for  changing  the  wave 

number  upon  transfer  througa  the  small  step 

-  ~~  <£>  *  l —  (KY  -H  (//?)*  -  (£")*)  ds.  (6. 12) 

2*m  3 


Comparing  this  with  reflection  amplitude  P_m  (6.3),  we  will  obtain 
the  unknown  comraunicaticn/connection 


D  _  &hn 

r  — m  —  - 


2h„ 


-—<£*( H'l'yds .  (6.13) 

2hm  J 

In  a  number  of  cases,  tue  computation  of  the  coefficient  of 
reflection  P_m  in  formula  (6.13)  is  simpler  than  on  general  formula 
(6.8)  .  For  example,  in  the  field  of  wave  //<>«  in  by  circle  waveguide 
there  are  no  longitudinal  currents,  Ht—  0,  and  P_m  —  Ahm/2hm  with  any 
form  of  step,  i. e. , 


any  function  6  (s) .  If  wave  number  in  both 
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waveguides  is  equal,  Aft„,  =  0,  for  example,  during  coupling  of  two 
identical  displaced  relative  to  each  other  waveguides,  then  is 
expressed  only  through  the  integral  of  the  square  of  longitudinal 
current.  For  example,  for  the  asymmetric  wave,  which  falls  to  this 
joint  in  the  circular  waveguide,  it  is  easy  to  find  the  dependence  of 
reflection  coefficient  from  tne  polarization  of  wave,  etc. 

For  magnetic  and  electrical  waves  second  term  in  formula  (6.13) 
is  expressed  as  functions  ij>m  and  <pm.  According  to  (3.14),  the 
corresponding  formulas  take  the  form 


First  term  also  can  be,  according  to  (6.12)  and  (3.14), 
expressed  by  or 

Page  38. 

Let  us  note  that  the  appropriate  formulas  can  be  obtained  directly 

from  two-dimensional  equations,  aeterraining  a  change  in  the 

/ 

eigenvalue  <xm  of  problems  (3.11a,  3.12a)  or  (3.11b),  (3.12b)  during 
small  strain  of  boundaries.  Communication/connection  A hm  with  Aam  is 
obtained  by  differentiation  of  relationship/ratio  (3.13). 
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5.  Let  us  pass  to  determination  of  wave  amplitudes,  scattered  by 
finite  segment  of  tapered  weld.  Let  us  note,  in  the  first  place,  that 
formulas  (6.7),  (6.8)  will  remain  valid  and  in  such  a  case,  when 
connection  occurs  not  in  one  plane,  but  it  occupies  certain  low 
region  Az(Az*k«1).  Really/actuaiiy ,  in  entire  derivation  of  these 
formulas,  nothing  in  this  case  will  change.  Repeating  the  analogous 
reasoning  of  the  preceding/previous  paragraph,  let  us  replace  6(s) 
for  product  v(s)-  A z,  where  as  can  be  seen  from  simple  geometric 
considerations,  v(s)  -  a  slope  tangent  toward  Z-axis  of  straight  line, 
that  connects  the  appropriate  points  of  duct/contours  C.-and  C^.,  This 
straight  line  composes  wita  C-and  Cfthe  angle,  close  to  r/2.  Value 
v(s)  has  the  same  sign,  as  6(s).  Alter  carrying  Az  as  integral  sign, 
we  will  obtain  for  Pt(j=f=in)  ana  p-i  the  formula  which  can  be 
recorded  in  the  fora 

Py  =■-  Slm Az,  P _y  =—  S_;m Az.  (6. 15) 

Here,  according  to  (6.7)  and  (6.8),  through  Sim  is  designated  value 

S/m  =  & ;(v-Am)  § v  (s)  ds>  (6- 16) 

dnH  S-in t  IS  C  f'fO’irt  Sjm  •rtpk^c<  vncr.  ■»  j  -j- 

He  used  for  coefficients  (6.16)  the  same  designation,  as  for 
coefficients  (5.12)  in  the  proxies  of  the  jump  of  dielectric  and 
magnetic  constant;  as  it  will  oe  shown  into  §9,  between  them  there 
are  simple  correlations.  During  tnis  recording  (6.15)  it  is 
completely  identical  (to  5.11). 


DOC  =  79024302 


PAGE 


Let  be  now  given  irregular  tapered  weld.  Let  as  replace  this 
waveguide  with  the  stepped  waveguide,  shewn  on  Pig.  6a  or  Fig.  6b; 
result  in  both  cases  will  oe  identical.  Value  v(s)  depends  now  on  z, 
it,  obviously,  is  equal  to  tae  tanyent  of  the  angle,  formed  with 
Z-axis  of  tangent  to  metal,  perpendicular  to  the  duct/contour  of 
cross  section.  The  determination  or  the  wave  amplitudes,  scattered  on 
a  heterogeneity  of  the  type  in  question,  is  conducted  by  the  same  in 
the  accuracy  diagram,  on  which  these  values  were  determined  in  the 
preceding/previous  paragrapn.  Formulas  (5.14)  and  (5.15)  for  the  wave 
amplitudes,  scattered  in  finite  segment  with  alternating/variable 
filling,  were  obtained  from  foriula  (5.13)  for  the  wave  amplitudes, 
scattered  on  a  small  jump  of  rilling.  Formulas  (6.15)  are  identical 
with  formulas  (5.13);  taererore  formulas  (5.14),  (5.15)  will  remain 
valid  for  tapered  weld,  if  we  now  by  S/m  understand  value  (6.16). 

Page  39. 

It  remains  valid  also  observation  about  limitedness  of  the  method  of 
♦•small  heterogeneities"  in  application  tc  large  heterogeneities  and 
about  the  difficulties,  wnich  appear  during  a  strict  derivation  of 
formulas  (5. 1 4)  -  (5. 15)  from  (5.13).  Therefore  the  analysis  of  these 
formulas  and  coefficients  Sjm  we  will  transfer  into  §9,  where  they 


will  be  obtained  by  stricter  patn 
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In  chapter  I,  are  found  tne  wave  amplitudes,  scattered  on  small 
irregularities  of  each  of  three  fundamental  types,  imposition  of 
which  is  any  irregularity  in  waveguide.  For  irregularities  not  of 
small,  final,  the  formation  parasitic  waves  can  be  represented  as  the 
result  of  the  imposition  (with  appropriate  phase  change  and  change  in 
the  amplitude,  which  retains  eneryy)  of  the  parasitic  waves,  which 
are  formed  on  the  row/series  of  the  small  irregularities  to  which  can 
be  broken  this  large  irregularity.  This  method  is  not  completely 
strict,  in  certain  cases  generally  inapplicable,  but  it  possesses  the 
specific  physical  clarity  and  maxes  it  possible  simpler  entire  to 
obtain  the  most  interesting  characteristics  of  irregular  section. 


Fig.  6a,  b  -  stepped  waveguide. 
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Page  40. 

Chapter  II. 

METHOD  OF  CROSS  SECTIONS. 

The  fundamental  idea  of  the  method,  named  us  by  the  method  of 
cross  sections,  lies  in  the  fact  that  in  any  section  of  the  irregular 
waveguide  of  field  they  are  represented  in  the  form  of  superpositions 
of  the  fields  of  waves  of  ootn  of  directions,  which  exist  in  the 
auxiliary  rectilinear  reyular  waveguide  of  the  same  section  and  with 
the  same  distribution  e  and  p  over  section.  The  coefficients  of 
this  superposition  satisfy  the  system  of  the  ordinary  differential 
equations  of  the  first  order.  Couaon/general/total  of  the  problems  of 
the  determination  of  fields  in  irregular  waveguide  is  reduced  in  this 
case  to  the  problem  of  the  fields  of  waves  in  regular  waveguide  and 
to  the  solution  of  the  syst  i  or  ordinary  differential  equations. 
Below  we  will  use  method  to  the  fundamental  types  of  irregular 
waveguides  and  to  the  general  case  of  the  combined  irregularity. 
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§7,  Calculation  of  the  bent  waveguides  by  the  method  of  cross 
sections. 

1.  Let  us  begin  from  establisnaent  of  fundamental  equations  for 
fields  in  waveguide,  bent  on  circular  arc.  Let  to  bending  the  cut  of 
waveguide  in  question  have  for  entire  extent/elongation  constant  (and 
besides  arbitrary)  section.  Let  us  bend  it  cn  circular  arc.  In  this 
case,  all  generatrices  of  rectilinear  waveguide  will  become  the 
circumferences  whose  centers  iie/rest  on  one  straight  line.  Let  us 
accept  this  straight  line  for  y  axis  of  cylindrical  coordinates; 
other  two  coordinates  will  os  c  and  9.  Planes  8=const  intersect 
waveguide  with  respect  to  the  same  duct/contour,  identical  for  all  9, 
which  limited  the  cross  sections  of  rectilinear  waveguide.  In  the 
plane  $=const  of  coordinate  r  and  y,  is  formed  the  grid  of  Cartesian 
coordinates;  x  axis  it  is  directed  toward  center  of  curvature,  so 
that  x  is  identical  s  —  r,  d/dx  =  —d/dr. 

Page  41. 

Let  us  examine  any  section  a=const;  let  us  construct  the 
rectilinear  waveguide,  passing  through  the  duct/contour  of  this 
section  and  perpendicular  to  it.  Fields  in  this  waveguide  of 
comparison  and  in  the  bent  waveguide  satisfy  cn  the  duct/contour  of 
section  the  identical  boundary  conditions  E»t=0,  since  tangents  to 


I 
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both  waveguides  coincide.  If  we  present  field  in  the  bent  waveguide 
in  the  form  of  the  superposition  of  the  fields,  capable  of  existing 
in  the  rectilinear  waveguide  of  the  same  section,  with  the 
coefficients,  which  depend  on  d,  then  each  term  of  this  superposition 
will  satisfy  boundary  condition  (3.1). 


Let  us  assume 

Er  «  -  |  QmET;.  Ey  >]  <?,„£?; 

m-i  m ■  i 

(7.1) 

Hr  =  -%RJC,  Hy  -r:  fj  tfm/C 
m*-l  m-*i 

i.e.  let  us  decompose  the  transverse  components  of  field  in  the  bent 
waveguide  on  the  transverse  components  of  the  fields  of  the  waves  of 
all  types  (one  direction),  capanie  of  existing  in  the  waveguide  of 
comparison.  Coefficients  Qm,  Rm  aepend  on  d.  Let  us  introduce  then  new 
coefficients  Pm(P)  and  P-m(Q)  by  the  equations 

Pm  -  P-m  =  Qm,  pm  >+  P-m  =  Rm.  (7.2) 

According  to  accepted  by  us  comaumcation/connection  (3.6)  between 
the  fields  of  direct/straight  and  nackward  waves,  expansion  (7.1)  can 

be  recorded  in  the  form 

Er  =  —  PyEx,  Ey  =  PyEy',  Ht  =  —  Pyfl',  Hy  =  PyWy.  (7.3) 

Here,  as  everywhere  suoseguently ,  on  the  repeated  index  V  is 
conducted  addition  from  v=--  to  v=+-.  In  detailed  recording,  for 
example,  first  formula  (7.3)  indicates 
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E,(r,  a,  y)--=-  2  ^v(i>)i3(-v.  y)-  (7-4> 

V~— CO 

Expansion  (7.3),  in  contrast  to  (7.1),  contains  waves  of  both  of 
directions;  in  this  case,  the  coefficients  in  field  expansion  E  and  H 
prove  to  be  identical. 
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The  functions  according  to  March  is  produced  the  expansion  in 
(7.3),  satisfy  the  same  boundary  conditions  that  and  fields  E,  ri. 
Bow/series  (7.3)  allow/assuae  ter a- by-term  differentiation.  Let  us 
substitute  them  into  twc  equations  of  Maxwell 


dEr  dEu  -U  U  dHr  dUv  r  ntt\ 

- - -  =  —  ik\nH 0;  — -  —  ---  -  ike.E0.  (7.5) 

ay  dr  ay  or 


Prom  comparison  with  last/ratter  equations  in  (3.4)  it  follows 
that  for  the  longitudinal  components  E  and  H  there  is  expansion, 
analogous  (7.3),  with  the  same  coefficients  Pm- 

£o  =  PyBl,  Ho  -=  PJIl  (7.6) 


Let  us  install  now  system  of  equations  for  P^t*) •  The  substitution  of 
expansions  (7.4)  and  (7.6»  rnto  the  remaining  four  equations  of 


Maxwell 
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gives 


^  “  r  X2  =  -  T.  <'*•>  —  ikitrHy, 


dy 


dr 


dfl  dH.  a  dH 

—  -  r  —  “  /*er£-  r  ('//•>  “  (7.7) 


ao 


dr' 


^v£x  ■  --  -  Pv£z  -  i/\M2r;  £v£i  -=  -<7\Av£>; 

-=  -  Pv/tf  -  /Pv/iv//>;  p;w^  -iP^Elr.  (7.8) 


Here  prime  indicates  derivative  on  8. 


Let  us  multiply  these  equations  on  -  ///.  tfi.  ££  and~£i,  where  j  - 
any  whole  number,  positive  or  negative,  let  us  add  and  let  us 
integrate  over  section.  Utilizing  a  condition  of  orthogonality  (3.9), 
we  will  obtain  for  P,  expression  in  the  form  of  linear  combination 
from  Pm 

P'l  -  />/V  (7-9) 

Since  this  expression  is  correct  for  all  j,  then  (7.9)  is  the  unknown 
system  of  differential  first-order  equations  for  coefficients  P,(Q). 


For  coefficients  F,m  during  this  calculation  in  (7.9)  is 
obtained  the  expression,  which  coincides  with  the  coefficients  Flm 
(4,7) ,  found  from  the  problem  of  a  small  fracture  of  waveguide. 
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According  to  expansions  (7.3),  (7.6),  value  /^(O)  can  be 
considered  as  the  composite  nave  aaplitude  cf  nunber  m.  It  replaces 
factor  e~/h/*  in  rectilinear  waveguide;  however,  it  changes  along 
waveguide  with  more  complex  shape-  According  to  (7.9),  change  P^;(d) 
with  change  9  depends  cn  aaplitude  of  all  waves,  which  exist  with 
datum  9.  The  amplitude  of  each  wave  P„  participates  in  the 
education/formation  of  value  P]  in  by  the  fact  of  larger  degree,  the 
greater  the  coefficient  P,m.  tie  will  call/naae  values  Fjm  coupling 
coefficients  between  the  waves  of  numbers  j  and  m.  Hultiplying  (7.9) 
on  A®,  mu  we  can  give  to  tnis  equation  the  following  sense:  the 
amplitude  of  any  wave  vita  the  passage  of  small  angle  A®  changes  to 
the  value,  proportional  Ad,  and  this  value  is  composed  of  the 
changes,  obliged  to  the  effect  of  all  waves.  The  action  of  each  wave 
on  Pj  all  the  more,  the  greater  its  amplitude  and  the  greater  the 
coupling  coefficient  between  taese  waves.  In  th^-s  respect  (7.9)  it  is 
the  generalization  of  eguaiities  (4.6)  and  (4.12),  which  are 
obtained,  as  we  will  show,  rrom  (7.9)  on  the  assumption  that  in  this 
section  it  is  possible  to  disregard  all  waves,  except  one.  According 
to  (7.9),  the  propagation  of  waves  on  irregular  section  is  the  analog 
of  the  propagation  of  waves  along  the  system  cf  the  connected  lines 
with  space  couplii  g. 

2.  Let  us  establish/instaJ  I  end  conditions  for  Pj(d)  on 
boundaries  of  bent  section.  Let  the  bending  in  question  according  to 
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circular  arc  be  joined  with  8=0  and  with  8=80  with  two  rectilinear 
waveguides,  and  from  left  waveguide  on  bending  falls  the  wave  of 
number  m  of  single  amplitude. 


From  the  orthogonality  of  the  fields  of  different  waves  and 
continuity  of  the  transverse  components  E  and  H,  it  follows  that  the 
values  of  coefficients  P,(0)  in  tne  beginning  and  end/lead  of  the 
bending  are  equal  to  the  amplitudes  of  the  corresponding  waves  in  - 
rectilinear  part.  In  other  words,  P^(8)  they  are  continuous  pon 
transfer  through  the  boundaries  of  the  bent  section.  End  conditions 
must  provide  the  absence  of  other  incoming  to  bending  waves,  except 
that  falling.  These  conditions  take  the  form 

Pm  (0)  =  1,  F;  (0)  -  0  iip/i  /  >  0,  j  4 --  rn  Pi  <%)  =  0  npn  j  <0. 


Kev:  (1).  with. 


(7.10) 


System  (7.9)  and  (7.10)  is  complete,  from  it  it  is  possible  to 
find  all  amplitudes  P^,'(8).  The  amplitudes  of  backward  waves,  which 
exit  into  left  waveguide,  are  equal  to  P^{0)  ( j<0)  ,  while  the 
amplitudes  of  direct  waves,  which  exit  into  right  waveguide,  are 
equal  to  P;(0„)(/> Gj;  the  determination  of  these  amplitudes  does  not 
require  supplementary  process/operati.->ns  on  the  join  of  fields. 
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Since  coefficients  F,m  in  system  (7.9)  dc  not  depend  on  3,  the 
solution  of  this  system  can  ne  searched  for  by  the  methods,  borrowed 
from  the  theory  of  final  systems  with  constant  coefficients. 

Retaining  in  (7.9)  certain  finite  number  of  variables  N,  we  will 
obtain  the  system  of  a  finite  number  of  equations  whose  solution  is 
reduced  to  the  solution  of  tne  algebraic  characteristic  equation  of 
order  N.  During  satisfaction  of  some  conditions,  the  solution  of 
infinite  system  (7.9)- (7.10)  will  ne  obtained  with  N*«.  We  will  not 
here  base  and  develop  this  method;  when  problem  does  not  contain  any 
series  expansion  parameter,  the  actual  solution  of  system 
(7.9) -(7. 10)  is  expedient,  probably,  to  produce  is  direct  on  with 
equations  (7.9)  whose  structure  is  adapted  to  direct/straight 
numerical  calculations,  in  particular  to  calculatioi  •  in  electronic 
computers.  Certain  difficulty  into  such  calculations  introduces  the 
fact  that  for  the  part  of  the  variables  of  condition  (7.10)  they  are 
placed  at  one  end/lead  of  the  interval,  for  a  part  -  on  other; 
however  always,  apparently,  can  be  used  the  known 
reception/procedure,  which  reduces  stated  problem  to  several 
analogous  ones,  to  which  the  conditions  of  type  (7.  10)  are  placed  for 
all  variables  at  one  and  the  same  end/lead  of  the  interval. 


3.  let  us  examine  in  somewhat  more  detail  coupling  coefficients. 
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explicit  expression  for  which  is  given  to  §4.  Hhen  m=hi  F/m  it  does 
not  depend  on  the  radius  of  curvature  which  enters  into  first  term  in 
(4.7)  .  This  follows  from  tne  comparison  of  this  term/component/addend 
with  the  condition  of  orthogonality  (3.9).  Coupling  coefficients 
depend,  it  goes  without  saying,  from  the  position  of  center  of 
curvature  relative  to  the  section  of  waveguide,  since  on  this  depends 
the  orientation  of  x  and  y  axes  in  section. 

Coupling  coefficients  satisfy  the  condition 

F-y.-m  -  -  />,  (7.11) 

directly  escape/ensuing  froa  (4.7)  and  (3.6) . 

They  are  connected  also  hy  reciprocal  relations.  It  is  simpler 
anything  to  establish/instali  these  relationship/ratios,  utilizing 
independence  of  the  integral 

j  [EpN i,2>  —  dS,  (7. 1 2) 

undertaken  according  to  section  4=const,  of  value  d.  In  (7.12) 

£°\  and  H{2)  -  two  arbitrary  field  in  bending,  created  by  the 

sources,  arrange/located  out  of  oending.  Independence  (7.12)  from  d 
follows  of  Lorenz’s  lemma,  used  to  the  region,  limited  by  two  uny 
sections  8=const.  Let  us  record  the  components  of  the  first  and 
second  field  in  relaticnsnip/ratio  (7.12)  in  the  form  of  expansions 
(7.3)  with  different  amplitudes  ?‘l)  and  Pi2)  let  us  substitute  in 
(7.12)  . 
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After  the  simple  transformations,  which  use  again  a  condition  of 
orthogonality,  we  will  ortain  tor  integral  (7.12)  expression /» yP^pw,. 
Derivative  on  9  of  this  value  is  equal,  according  to  (7.9),  to  the 
dual  sum 

(-  /V*v  +  n)  P^vP'?,  (7. 13) 

where  the  addition  is  conducted  on  V  and  on  p.  This  value  must  be 
equal  to  zero  for  any  fields  E}'\  and  -E<5),  Hw,  any  functions  P\x)  and 
P?1,  consequently,  for  any  V  and  p  must  be  equal  to  zero  bracket  in 
(7.13).  Utilizing  still  (7.11),  we  will  obtain  the  unknown  condition, 
which  connects  />»  and  Fm/, 

hmFm,  -  /!,/>,  (7-H) 

This  relationship/ratio  maJtes  it  possible  to  simplify  expression 
(4.7)  for  Fjm.  According  to  (7.14),  between  the  integrals,  which 
participate  in  (4.7)  ,  there  is  the  following 
coamunication/connecticn: 

*'  (hi  -  hm)  5  r  ( W  -  F'Jl’y  +  K‘H i  -  E7Hl)dS  - 

=  S  (W  -  ETHi  --  Fpn  -f  i:[H”‘)dS.  (7. 15) 

This  formula  can  be  obtained,  it  yoes  without  saying,  it  is  direct 
from  equations  (3.4)  and  boundary  conditions  (3.2)  via  elementary 
ones,  although  bulky,  computations.  Eliminating  with  the  aid  of 
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(7.15)  the  first  of  two  integrals,  which  participate  in  (4.7),  we 
will  obtain  for  coupling  coefficients  the  symmetrical  expression 

1  /  1  l-lt'lt  . 


F 

1  jm  — 


<",  -  K) 


(7-i6) 


where  through  is  designatea  the  inteqral 

Bmi  -  ^{E?W-bllOdS.  (7.17) 

All  these  results  are  used  not  only  for  waveguid  s  with  the 
ideal  walls  for  which  correctly  ooundary  condition  (3.2),  but  also 
for  waveguides  with  the  well  carrying  out  walls,  since  during  the 
replacement  of  condition  (3.2)  ny  Leontovich  boundary  condition  the 
condition  of  orthogonality  (1.9)  is  retained. 

The  actual  computation  of  coupling  coefficients  for  the 
waveguides  of  rectangular  and  round  cross-sections  will  be  produced 
in  chapter  V.  Here  we  will  only  give  expressions  for  F,m  through 
aembrane/diapbragm  functions  and  <t>.  These  expressions  are  used  in 
those  all  cases  when  it  is  possible  to  use  formulas  (3.14),  first  of 
nil  for  waveguides  without  filling. 
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Let  us  introduce  tne  following  designations  for  the  integrals 


according  to  cross  section,  which  appear  with  substitution  (3.14) 
into  integral  (7.17): 


DOC  =  79024303 


PA  GE 


*11 


fV 


d$* 

dx 


dS  -  Klm\  dS  -  C"n\  J  V  J2L-  US  M'm.  (7. 18) 


,/  V 


These  values  do  not  contain  frequency,  they  depend  only  on  the 
transmission  mode,  fora  of  cross  section  and  direction  in  center  of 
curvature  in  this  section.  Tney  do  not  depend  on  radius  of  curvature 
and  are  of  the  order  of  the  linear  dimensions  of  section.  It  is  easy 
to  show  that  froa  boundary  condition  for  aembrane/diaphragm  function 
*  on  the  duct/contour  of  section  follow  two  relationship/ratios: 


dy 


(7.19) 


Substituting  in  (7.16)  field  expression  through 
aembrane/diaphragn  functions,  we  will  obtain  that  if  m  and  j  - 
magnetic  waves,  then 

(hm*)Kim-hlSmKmi).  (7.20) 


Fjm  ~ 


2ft, 


If  both  of  electrical  type  waves,  then 

Fjm  -  ——  (hm'Xj  h,!Xm)  C  .  (7.21) 

lhj  \h,  — 

Finally,  if  j  -  are  magnetic,  and  a  -  electrical  of  wave,  then 

Fim  -  (7.22) 

Coupling  coefficient  for  the  rourtn  possibility  of  the  combination  of 
waves  easily  is  obtained  froa  iast/latter  fornula  and  condition  of 
reciprocity  (7.14). 


1 1  ii ,  H.  1 . . .  *  .  L . . 
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According  to  formulas  (7. EG)—  (7. 22) ,  the  coupling  coefficient 
between  two  waves  of  one  direction  is  more  than  between  the  same 
waves,  which  are  propagated  in  opposite  directions. 

4.  There  is  two  special  cases*  in  which  it  is  easy  to  obtain 
explicit  solution  of  system  (7.9)  -  (7.  10)  ;  them  it  is  possible  to 
call/name  cases  of  loose  coupling.  For  their  examination  it  is 
expedient  instead  of  P^(d)  to  introduce  the  new  variables  p^(3), 
after  determining  by  their  equality 

WHfcWe-'A  (7.23) 

where  coefficient  qj  —  iF„  it  is  given  in  (4.9). 

Page  47. 

Values  p^(d),  in  contrast  to  P^'(a),  we  will  call/name  the  given 
amplitudes.  In  these  variables  the  system  of  equations  (7.9)  will 
take  the  form 

i-m^*'**  <7-24> 

The  special  feat ure/peculiarity  of  the  given  coefficients  p;  is  the 
absence  of  diagonal  cell/eleaents  in  the  aatrix/die  of  system  of 
equations  for  them. 


m 


If  to  the  right  in  (7.24)  it  is  possible  to  disregard  the 
amplitudes  of  all  waves,  besides  the  incident  wave  of  number  a?  then 
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the  solution  of  system  (7.24)  is  obtained  in  an  explicit  form.  The 
first  case  when  this  is  possible*  is  examined  into  §4  fracture,  i.e., 
the  bending  for  which  d0«1.  Then  from  (7.24)  or  (7.9)  for 
direct/straight  and  backward  waves  immediately  follow  expressions 
(4.6)  and  (4.12),  in  which  only  one  should  replace  Ad  by  d0.  For  the 
wave  of  number  m  from  (7.24)  it  follows  that  pAri=const=1,  so  that  a 
change  in  the  phase  with  passage  of  fracture  is  determined  by  the 
exponential  factor,  isolated  in  (7.23).  Let  us  examine  this  factor  in 
somewhat  more  detail. 

In  contrast  to  Fim  with  a*q,  contains  the  radius  of 
curvature.  Ratio/relaticn  qj/hj  can  ne  call/named  radius  of  curvature 

for  the  wave  of  number  j.  This  value 

r,  q,  'h,  (7.25) 

will  be,  generally  speaking,  it  is  different  for  different  waves. 
However,  for  example,  for  a  circular  waveguide  with  any  symmetrical 
over  section  distribution  e  ana  *»,  as  is  shewn  calculation,  r,  is 
identical  for  all  waves  and  is  equal  to  distance  from  center  of 
curvature  to  the  axis  of  waveguide.  The  same  is  valid  for  rectangular 
vaveguides  (without  filling  or  with  uniform  filling). 

The  common/general/total  expression  for  r,  is  obtained  from 
(4.9)  and  (7.25).  For  magnetic  and  electrical  waves  this  expression 
takes  respectively  the  fora 
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r/  =  jr  (V^fdS  -|-  KiL,  r,  ~  J  r  (yq/\ )*dS .  (7.26) 

If  we ,  as  into  §4,  count  off  distance  //  between  two  cross 
sections  according  to  tbe  arc  of  radius  r„  dl,  =  r/dO,  then  exponential 
curve  in  (7.23)  can  be  recorded  an  the  form  e~,hilt .  For  a  circular 
waveguide,  as  it  is  shewn,  arc  leayth  is  counted  off  along  the  axis 
of  waveguide. 

Page  48. 

Thus,  the  exponential  factor  in  (7.23),  which  describes  a  change  in 
the  phase  (and  in  the  amplitude,  ir  ft/  -  it  is  composite  or 
imaginary) ,  it  corresponds  to  the  propagation  of  wave  with  wave 
number  ft/  along  arc  //• 

The  second  case  for  which  it  is  easy  to  give  the  solution  of 
system  (7.24),  is  bending  witn  large  radius  of  curvature.  It  is 
simpler  anything  to  obtain  the  necessary  solution,  having  first 
assumed  that  with  large  radius  cf  curvature  it  is  possible  in  (7.24) 
to  drop/omit  to  the  right  all  tera/component/addends,  except  term 
with  j=m,  that  corresponds  to  tae  incident  wave,  and  then  to  check 
that  obtained  in  this  case  solution  satisfies  this  assumption. 
Assumption  this  is  based  on  what  with  large  radius  of  curvature  the 
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exponential  factor  in  (7.24)  is  the  rapidly  changing  function  of 
angle;  therefore  the  average/mean  value  of  derivatives  p)  little  and 
value  of  variables  pt  they  must  oe  close  to  those  values  which  they 
have  on  boundary  of  the  region.  System  of  equations  (7.24)  takes  in 
this  case  the  form 

p'm  =  0;  p'j  =  Fimpms~‘iqm~vJ) ,  j=f=m.  (7.27) 


Its  solution  under  me  conditions  (7.10),  which  are 
record/written  for  variables  Pift)  accurately  in  the  same  manner  as  for 
for  variables  P;(0),  has  the  form 

&»(«)“■  1;  (7.28a) 


P,(*n)  =  Fim  j>0,  j zf=  m;  (7.28b) 

Wm  ^///-^  0 


P,  (0)  =  -  F jm  -  'n('m  q')J>)°12- j < 0.  (7.28c) 

<<7m  -  fl/>/2 


The  first  of  these  equalities  means  that  a  change  in  the 
amplitude  Pm(0)of  the  inciuent  wave  is  described  by  the  same  factor 
s  rectilinear  waveguide.  Energy  of  this  wave  (with  real 
hm)  does  not  change.  This  is  correct  only  in  that 
approach/approximation,  in  wmcn  is  obtained  system  (7.27).  As  we 
will  see  into  §22,  in  the  following  order  on  curvature,  the  phase  and 
the  amplitude  of  the  incident  waye  at  the  output  of  bending  with  a 
large  radius  depend,  although  to  small  degree,  from  the  phenomenon  of 
transformation  into  other  waves. 


\ 
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Formulas  (7.28b,  c)  give  tne  amplitudes  of  straight  lines 
(jo/{00),  /> 0)  and  reverse/inverse  (p ^  (0) ,  j < 0)  the  scattered  parasitic 
waves.  Proposing  also  that  ri  ior  all  j  one  and  the  same  and  that 
h^>0,  and  h^  really,  let  us  record  these  formulas  in  the  more 
convenient  form: 


Pi  (^u)  —  f  im 


*"<hm-hy  o«/2  ,V(V2 


i>  0; 


(7.29a) 


Pi  (0)  -  —  Fim 


5iM  e-'(Ani+IA/lK«.2 

K‘; 


<0.  (7.29b) 
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Applicability  condition  ror  entire  solution  (7.28-7.  29)  is  the 
smallness  of  amplitudes  (7.29).  In  the  denominator  of  these  formulas, 
will  cost  the  radius  of  curvature;  therefore  for  sufficiently  large 
bending  radii,  this  apprcacn/approximation  will  be  valid. 
Applicability  condition  for  these  formulas  can  be  recorded  in  the 
form 


tm 


+  !  hj  I)  r 


«  I- 


(7.30) 


For  small  angles,  it  is  more  precise,  when  (hmT|//, |)rO„-Cl,  formulas 
(7.29)  pass  into  formulas  (4.6),  (4.12),  that  relate  to  fracture.  For 
direct  waves  the  bending  wrtu  saail  d0  behaves  as  fracture,  if  a 
difference  in  its  electrical  leagtus  for  both  of  waves  is  small, 
while  for  reverse/inverse  ones  -  ir  is  small  the  sum  of  electrical 
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lengths;  for  backward  waves  tae  requirement  for  smallness  30  is 
considerably  more  powerful. 

Thus,  (7.28),  (7.29)  witn  with  large  radii  of  curvature  it  is 
correct  for  any  angles  d0,  and  ror  small  d0  -  with  any  r,  and  with 
small  r  it  passes  into  formulas  for  fracture  (4.6),  (4.12).  It  is 
obvious  that  (7.28)  it  can  ne  also  obtained  -  with  an  accuracy  to  the 
unessential  phase  factor,  omitted  curing  conclusion/derivation  into 
§4,  from  formula  (4.13),  derived  via  elementary  reasonings. 

The  amplitude  of  parasitic  waves  at  the  output  of  bending  is  the 
nonmonotonic  function  of  angle  of  curvature.  This  is  explained  by  the 
interference  character  the  formation  of  parasitic  wave,  in  detail 
examined  with  this  point  view  into  §4.  The  arguments  of  sines  in 
(7.29)  make  simple  physical  sense  -  they  are  equal  to  half-difference 
(for  direct  waves)  and  to  naif-sum  (for  reverse/inverse  ones)  of 
phase  change  cf  the  corresponding  waves  at  entire  bending.  Let  us 
note  that  for  any  fixed/recorded  frequency  it  is  possible  in  limits 
of  accuracy  (7.28)  to  turn  into  zero  amplitude  of  any  parasitic  wave, 
after  selecting  angle  90  oy  sucn,  so  that  the  formed  in  different 
parts  of  the  bending  parasitic  waves  would  completely  extinguish  each 
ot  her . 


The  amplitudes  of  direct  waves  (7.29a)  are  much  more  than  the 
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amplitudes  of  reverse/inverse  ones  (7.29b) ,  since  for  then,  in  firs 
place  are  much  more  coupling  coefficients,  in  the  second  place, 
confronting  under  integral  an  (4. 1i)  exponential  factor  is 
considerably  the  less  rapidly  changing  function. 

Page  50. 

Therefore  pj  for  direct  waves  contains  in  denominator  a  difference 
in  the  absolute  values  of  wave  nuaners  hm  —  | h,  |,  a nd  for  backward  waves 
-  a  considerably  larger  value,  their  sun  h,n  -{-W/.J.  Usually  it  is 
possible  to  disregard  energy  loss  to  transformation  into 
reverse/inverse  parasitic  waves.  Inis  cannot  be  made  only  in 
frequency  region,  in  which  |/i,|  is  small;  appearing  in  this  case 
conditions  will  be  examined  into  g!3. 

Coupling  coefficient  for  oacxward  wave  of  the  same  number,  i.e., 
for  the  wave  F-^,  ref  lected,  for  electrical  waves  is  equal  to  zero, 
since  Cm"‘  —  0,  and  is  equal  to 

j 

F-m.n  *=  Kmm  (7.31) 

“'"m 

for  magnetic  waves.  If  F,.„„n-  0,  then  is  equal  to  zero  also  coefficient 
of  reflection  of  this  wave  from  sending,  />_m(0)  =  0- Thus,  reflection 
coefficient  for  any  electrical  wave  is  equal  to  zero.  For  magnetic 
waves  in  the  waveguides  cr  rouua  and  rectangular  cross  section 

and  the  reflection  coeiixcient  is  also  equal  to  zero,  although 
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there  are  forms  of  the  waveguides  in  which  Km"*=f:0.  it  goes  without 
saying,  from  condition  F-mm  =0  follows  the  equality  of  2ero 
coefficients  of  reflection  P-m( 0)  only  in  the  first  order  in  1/r  {for 
a  bending  with  large  radius  of  curvature)  or  on  80  (for  curvature 
small  angle).  Other  parasitic  waves,  which  were  being  formed  at  the 
bend,  prove  to  be,  generally  speaking,  connected  with  the  wave  of 
number  -m,  and  amplitude  />-«( 0)  is  different  from  zero,  but  it  will  be 
order  1/r20  or  820. 

Inequality  (7.30),  whicn  gives  applicability  condition  for 
solution  (7.29) ,  will  render/show  also  disrupted  for  how  conveniently 
large  r,  if  for  any  /  h,~hm  and  m  this  case  />=£()  *. 

FOOTHOTE  *.  Formula  (7.16)  for  a  coupling  coefficient  takes  the 
indefinite  form  when  !*,  —  0,  in  tais  cat®  it  is  necessary  to  use 

formula  (4.7)  ,  from  whica,  m  particular,  it  follows  that  Fim  remains 
final  when  lh;  — ftm!—  0.  EIDFCO'INOIfi. 

This  is  so-called  case  of  confluence  when  two  waves,  connected  with 
bending,  have  identical  phase  rates.  In  this  case,  all  elementary 
parasitic  waves,  which  are  toraea  m  the  various  sections  of  bending, 
at  any  point  of  inflection  store/aad  up  with  cne  and  the  same  phase, 
and,  how  not  was  great  r,  tae  result  of  this  addition  will  be  for 
final  »0  finite  quantity.  In  tnis  case  it  is  not  possible  to 
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disregard  the  reverse/inverse  effect  of  the  wave  of  number  j  on  the 
wave  of  number  a;  the  given  amplitude  of  this  wave  is  changed,  i.e., 
proves  to  be  inaccurate  also  equality  (7.28a) .  This  situation 
appears,  in  particular,  with  passage  by  wave  H0l  of  bending  in 
circular  waveguide,  and  based  on  this  specific  example  we  studied  in 
§22.  The  apparatus,  which  is  based  on  system  (7.9)  or  (7.27),  makes 
it  possible  to  thoroughly  investigate  not  only  the  case  of  precise 
expression  hj  —  hm,  but  also  the  general  case  when  propagation  constant 
(generally  speaking  -  composite)  are  close  to  each  other. 

Page  51. 


5.  Fundamental  results  of  this  paragraph  easily  are  generalized 
to  bending  with  alternating/variable  curvature.  In  this  case,  in 
equations  (7.9),  (7.27)  as  variable  it  is  convenient  to  take  not 
angle  a,  but  arc  length  l,.  For  a  reduction  in  the  recording,  let  us 
assume  that  for  all  /  h  is  counted  off  on  by  cne  and  the  same  friend, 
and  let  us  omit  index  in  lr  Equations  (7.9)  and  (7.27)  take  the  form 

?  ' 


<11  r  dl  r 


(7.32) 


the  communication/connection  between  P,  and  Pi  will  be 


P,  =  P,e~‘"il. 


(7.33) 


In  this  form  of  equation,  they  are  used  also  for  the  case  of  bending 
with  alternating/variafcle  curvature,  when  r  depends  on  /. 
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‘Really/actually,  during  coupling  of  two  sections  with  constant,  but 
by  different  values  of  r  of  amplitude  p,  they  remain  continuous  upon 
transfer  through  the  boundary  of  sections,  this  follows  from  the  same 
reasoning  which  wa.'  used  for  the  conclusion/derivation  of  end 
condition,  i.e. ,  from  the  requirement  of  the  continuity  of  fields  and 
from  the  condition  of  orthogonality.  Continuous  will  be  also  the 
given  amplitudes  Pi-  In  each  section  of  amplitude,  they  satisfy 
equations  (7.32)  ;  therefore  these  equations  will  be  valid  also  for 
entire  bent  waveguide,  which  consists  of  two  sections,  if  we  in  them 
count  r  different  in  both  sections.  Generalizing  this  reasoning  to  a 
larger  number  of  sections  and  passing  to  limit,  we  will  obtain  that  r 
in  (7.31)  can  be  any,  including  disruptive,  by  function  A 

It  would  be  possible  to  give  also  the  direct  analytical  proof  of 
the  validity  of  systems  (7.32),  after  introducing  not  cylindrical 
coordinate  system,  but  more  common/general/total  system  in  which  /  it 
would  be  one  of  the  coordinates;  tnis  system  was  proposed,  for 
example,  in  [  19 ].  The  given  above  reasoning  mere  distinctly 
emphasizes  the  physical  sense  of  the  fundamental  fact,  which  makes  it 
possible  to  generalize  (7.32)  to  the  case  of  a  variable  radius  -  a 
local  character  of  coupling  coefficient,  i.e.,  the  independence 
transformation  from  curvature  at  adjacent  points,  therefore  in  (7.32) 
does  not  enter  the  derivative  of  curvature. 
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Equations  (7.32)  are  valid  also  for  straight  portions  (r=-)  , 
which  they  give  simply  P/  =  0,  =  const  or  P,(l)=Pj(0)e~ihil .  If  waveguic 

they  will  bend  on  space  curve,  then  the  orientation  of  the  Cartes: 
coordinate  system  in  section  is  changed  along  waveguide,  and 
therefore  coupling  coefficients  f/«  also  prove  to  be  function  *• 

Page  52. 

For  large  radii  of  curvature  (more  precise,  when  the  amplituc 
of  all  parasitic  waves  are  small)  also  it  is  possible  to  give  the 
general  solution  of  system  (7.32).  Again  as  for  the  bending  of  a 
constant  radius,  it  is  possible  in  right  Part  Two  system  (7.32)  tc 
reject/throw  all  tera/coaponent/addends,  except  aeater,  who 
corresponds  to  the  incident  wave,  and  to  set/assume  Pm (Q)  =  const  =1.  i 
amplitudes  of  the  parasitic  waves,  scattered  by  bending,  are  founc 


this  case  from  the  equation 

*p, 


dl  r  6 


(7.34) 


Its  solution  under  boundary  conditions  (7.10)  takes  the  form 


m(Oo)  =  pf-e  /> otj=hi. 

0 

=  /<  0. 


(7.35) 


This  solution  is  understood  identically  with  the  solution,  found  i 
§4. 


DOC  =  79024303 


PAGE 


Onder  confluence  (h,  —hm)  or  conditions,  close  to  degeneration 
(\hj—hm\L<,  1),  in  system  (7.32),  just  as  in  system  (7.24),  it  is 
necessary  even  with  large  radii  or  curvature  to  retain  to  the  rig), 
several  tern/component/addends  and  to  solve  simultaneously  several 
equations  of  this  system  (see  §22)  . 

For  the  constants  r  and  f,,„  solution  (7.35)  passes  in  (7.28)  . 
However,  computation  p,-  from  integral  expression  (7.35)  in  an 
explicit  form  is  possible  also  somewhat  more  general  case. 
Specifically,,  let  r(l)  slowly  to  changed  with  /  and  has  at  entire 
bending  one  and  the  same  order  or  magnitude,  but  at  its  end/leads 
experience/tested  disruption  and  it  goes  to  infinity,  so  that  at  1 
points,  hich  occurs  coupling  the  bent  and  rectilinear  waveguic 

the  curvature  of  the  bent  waveguide  it  has  the  same  order  of 
smallness,  as  at  entire  bending,  and  by  jump  is  turned  into  zero. 
Integrating  in  this  case  (7.35)  in  parts 


Pi  =.'± 


hm-hj 


+ 


p.36, 


we  we  can  reject/throw  second  term,  which  contains  the  derivative 
curvature  and  product  from  curvature  for  twisting. 
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Reject/thrown  term/com ponent/addend  has,  generally  speaking,  the  same 
order  of  smallness,  as  add/composed,  which  appear  with 
preservation/ret ention/aaintainang  in  (7.32)  all  members  of  sum.  The 
obtained  binomial  formula  is  the  generalization  of  expressions 
(7.29)  . 

Thus,  in  this  case  in  tne  old  order  of  the  amplitude  of 
parasitic  waves  they  explicitly  depend  only  on  the  values  of 
curvature  and  coupling  coefficients  at  the  points  of  the 
discontinuity  of  curvature.  This  does  not  indicate,  it  goes  without 
saying  that  the  formation  of  parasitic  waves  occurs  only  in  these 
only  at  these  points  -  it  occurs  at  entire  bending,  but  the  points  of 
the  discontinuity  of  curvature  are  isolated  by  the  fact  that  near 
them  is  considerably  attenuate/weaxened  the  mutual  compensation  the 
waves,  which  were  being  formed  in  different  sections.  Me  still  will 
return  to  the  problem  of  the  computation  of  integral  (7.35)  in 
chapter  V.  Analogous  expression  we  will  encounter  during  the 
computation  of  the  wave  amplitudes,  scattered  on  the  waveguide 
transitions  of  alternating/variable  section. 
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If  the  mean  curvature  of  rue  bending  of  a  variable  radius  is  not 
small,  then  it  is  necessary  to  apply  numerical  methods.  System  (7.32) 
allow/assumes  comparatively  simple  calculation  on  computers.  With 
this  better  to  operate  not  with  p^{8),  but  with  the  variables  P^  (8)  . 

6.  Field  in  waveguide,  nent  with  constant  curvature,  can  be 
described  also  in  terms  of  its  own  waves,  i.e.,  waves,  which  are 
propagated  along  bending  witnout  regeneration.  Its  own  can  be 
considered  as  some  linear  conninations  of  the  waves  of  rectilinear 
waveguide,  they  they  can  be  obtained  from  common/general/total  system 
(7.9)  during  supplementary  reguirement,  so  that  all  amplitudes  Py(d) 
would  depend  on  8  according  to  the  one  and  the  same  law 


Pl(0)  ~  P,  (0)e-'?<\ 


(7.37) 


Substitution  (7.37)  in  (7.9)  reduces  to  the  system  of  algebraic 
equations  for  Pt(0): 

(Fiv  +  iq  6/v)  Pv  (0)  =  0.  (7.38) 

This  system  has  solution,  if  g  equal  to  one  of  the  roots 
characteristic  equation; 

Det  |  F jm  +  I  “  0-  (7-39) 

Each  root  of  this  equation  corresponds  to  one  its  own  wave.  The 
relationship/ratios  between  coefficients  P^,(0)  for  each  their  own 
wave  are  determined  from  system  (7.38)  after  the  substitution  into  it 
of  the  corresponding  root. 
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Knowing  the  fields  cf  the  inherent  flexural  waves,  it  is 
possible  then  to  determine  tne  amplitude  of  the  scattered  waves, 
joining  fields  on  the  boundaries  ot  the  bent  part;  this  will  give  the 
system  of  algebraic  equations  for  the  amplitudes  of  its  own  waves  in 
bending  and  the  amplitudes  of  tne  outgoing  waves  in  rectilinear 
waveguides. 


Page  54- 

This  procedure,  generally  speaking,  is  somewhat  more  complex 
than  described  above  the  direct/straight  determination  of  the 
amplitudes  of  the  scattered  waves;  however,  in  some  problems  (for 
example,  see  last/latter  point/ item  §22)  the  apparatus  of  its  own 
waves  proves  to  be  convenient. 

The  application/use  of  a  concept  of  its  own  waves  in  the  case  of 
the  bending  of  alter nating/varianle  curvature  is  suggested  in  Juan 
Khun-tsz*  article  [81],  In  any  section  it  is  possible  to  introduce 
the  system  of  the  waves  which  would  be  their  own  waves  of  the 
waveguide,  bent  with  the  constant  curvature,  equal  to  the  curvature 
of  this  section.  These  waves  are  not  not  depended,  between  in  the 
curvature.  It  is  easy  to  find  tne  regular  method  of  determining  this 
coefficients  in  (7.9)  . 

Let  us  designate  the  aatrix/die,  which  leads  matrix/die  Fjm  to 
the  diagonal  fora,  which  contains  only  the  roots  of  eguation  (7.39), 

by  letter  0;  the  amplitudes  of  the  natural  waves,  v?hich  we  will 

designate  W.,  are  obtained  in  any  cross  section  of  P.  by  the  action 
J  3 
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of  the  aatrix/die  of  0-t.  In  the  aatrix  recording 

W  =  O'P,  (7.40) 

where  by  W  and  p  -  aatrix/dies,  which  consist  of  one  column,  with 
cell/eleaents  W/  and  P,.  Amplitudes  W,-  satisfy  the  system  of 
differential  equations,  which  is  easy  to  derive  from  (7.9)  and 
(7.40):  W'  =  NW;  (7.41a  ) 

N=0»F0— O^O'.  (7.41b) 

If  bending  radius  is  constant,  then  the  constant^  i-e.,  do 

-^0,  the  second  term  (—  0-10')  jp.atrijc  N  - 

not  depend  on  A,  also  all  aatrix  eleaents  F  and^diagonal  aatrix/die, 

i.e.,  their  own  waves  are  not  connected.  In  [81]  it  is  shown,  that 
for  the  bending  of  the  alternating/variable  curvature  when  second 
term  in  N  is  excellent  froa  zero,  this  term/component/addend  does  not 
contain  diagonal  terms;  its  cell/elements  are  proportional  to 
derivative  of  curvature,  and  precisely  they  describe  the 
coamunication /connection  between  normal  waves.  If  curvature  is 
changed  slowly,  then  the  system  of  differential  equations  (7.41a) 
contains  the  low  parameter  and  can  be  solved  in  an  explicit  fcrm. 

Transition  from  one  variables  P to  the  next  Wt  is  actually 
introduction  to  the  method  or  tne  cross  sections  of  other  waveguides 
cf  coaparison.  Instead  or  rectilinear  the  waveguide,  tangential  to 
this  bent,  the  waveguide  of  coaparison  undertook  the  waveguide,  bent 
on  the  circular  arc  of  curvature.  Therefore  series  expansion 
parameter  of  problem  becomes  not  curvature,  but  it  derivative;  this 
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is  reached,  however,  by  the  essential  complication  of  apparatus, 
conduct  of  matrix/die  K  instead  of  F,  variables  instead  of  Ph 
and  so  forth. 

Page  55. 

The  analogous  gener alization  of  method  in  the  theory  of  the 
rectilinear  waveguides  of  constant  section  was  suggested  by  G. 
Lyubarskiy  and  A.  Povzner  £54],  that  accepted  as  the  waveguide  of 
comparison  cone.  However,  the  application/use  of  such  waveguides  of 
comparison  is  possible  only  in  some  particular  problems,  but  the  use 
of  an  apparatus,  based  to  (7.40)  and  (7.41),  in  principle  it  is 
possible  always,  wh  s  known  the  initial  matrix/die  P. 

Let  us  make  on  conclusion  of  this  paragraph  one  observation, 
which  relates  not  to  waveguide,  but  to  the  toroidal  cavity 
resonators,  which  are  obtained  from  the  bent  in  circumference 
waveguides  of  constant  section,  if  a  radius  of  this  circumference  is 
very  great  in  comparison  with  tne  size/dimensions  of  section,  then 
the  fields  of  their  own  waves  of  such  endovibrators  coincide  with  the 
fields  of  the  traveling  waves  in  the  rectilinear  waveguide,  and 
natural  frequencies  are  found  from  obvious  asymptotic  condition, 
according  to  which  the  electrical  length  of  cavity  resonator  rh,  is 
equal  to  2v/n,  where  n=0,  1,  *-2, 


and  hj—  wave  number  in 
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rectilinear  waveguide,  with  any  radius  of  curvature,  natural 
frequencies  can  be  found  iron  (7.39),  if  we  in  this 
relationship/ratio  assume  y=2»n  and  to  consider  it  as  equation  for 
frequency.  In  particular,  with  the  large  radii  of  curvature  in  this 
way  it  is  possible  to  find  explicit  expression  for  first-order 
correction,  proportional  to  curvature,  to  the  asymptotic  value 
natural  frequency.  Asymptotic  value  is  obtained  from  (7.39) 
neglecting  of  the  coupling  coefficients  between  different  waves, 
i.e.,  by  all  nondiagonal  eleaents  in  (7.39). 

§8.  Calculation  of  waveguides  with  the  alternating/variable  filling 
with  the  method  of  cross  sections. 

1,  Let  us  examine  rectilinear  waveguide  of  constant  section,  in 
which  e  and  p  essence  of  function  of  all  three  coordinates.  At 
first  we  will  assume  that  e  and  p  by  continuous  functions.  For 
describing  the  field  in  this  waveguide-  it  is  necessary,  according  to 
the  aethod  of  cross  sections,  to  decompose  field  in  any  section 
z=const  in  row/series  of  Fourier's  type  on  the  fields  of  waves  in  the 
waveguide  of  comparison.  The  waveguide  of  comparison  in  this  problem 
is  the  regular  waveguide,  in  wnicn  e  and  p  in  all  sections  they  are 
the  same  functions  from  x  and  y,  as  in  this  section  of  irregular 
waveguide.  The  waveguides  of  comparison  for  different  z  are 
different.  Coordinate  system  in  the  waveguide  of  comparison  let  us 
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designate  through  x,  y,  s.  Xne  fields  of  their  own  waves  in  the 
waveguide  of  comparison  depend,  as  usual,  fro*  5,  entering  the 
exponential  factor  ,  and  also  on  2,  since  on  z  depends  the  form 

of  the  function  e(t,  tj)  and  h(-v,  y)  . 

Page  56. 

Let  us  assume,  it  is  analogous  how  we  this  made  in  the  problem  of  the 
bent  waveguide, 

£*=  2  QmE7.  E„  -  2 

hi- 1  m-l 

fix  -=  2  Rml!7’  11 V  =  S  RJ1”'  (8-1) 

«i-i  m-x 

where  the  coefficients  Qm,  Rm  are  functions  from  z.  Let  us  introduce 
then  variables  Pm  (z)  and  P_m(z)  by  conditions  (7.2).  Then  these 

expansions  can  be  recorded  in  the  form 

Em  =  PyEl  £,  =  //,  =  PvW;,  tf,  =  PJll  (8.2) 

Fields  E,  H  satisfy  on  the  walls  of  irregular  waveguide  the  same 
boundary  conditions  (3.2) that  ana  field  £",  Hm  on  the  walls  cf  the 
waveguides  of  comparison;  expansions  (8.2)  can  be  piecemeal 
differentiated.  Substituting  (6.2)  in  two  of  the  equations  of  Maxwell 
and  comparing  result  with  two  last/latter  formulas  in  (3.4a)  and 
(3.4b),  we  will  obtain  for  longitudinal  components  the  same 
expansions,  as  for  transverse  ones: 


Et  =  PyEl  Hz  =  PyHt 


(8.3) 
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Thus,  P/{z)  can  be  considered  as  wave  amplitudes,  which  exist  in  this 
irregular  waveguide. 

Let  us  pass  to  the  conciusion/derivation  of  equations  by  which 
they  satisfy  function  P/(z).  Let  us  substitute  fcr  this  row/series 
(8.2),  (8.3)  into  four  those  regaining  the  equation  of  Maxwell. 
Otilizing  several  times  (3.4),  after  simple  transformations  we  will 
obtain  four  equations: 

£<  (P'y  +  iKRv)  =  -  Pv£T;  El  (K  +  =  -  p,ev;-, 

(8.4) 

HI  (P‘v  +  «7«VPV)  =  -  PVH? ;  HI  (P'v  +  f'/ivPv)  »  -  PvHl'. 

Here  prime  indicates  deriv  trve  on  z. 

In  order  to  obtain  equation  for  P),  let  us  multiply  (8.4) 
respectively  on  -  //{,  H[ .  E‘x  and  -  ££,  let  us  add  and  let  us  integrate 
over  cross  section.  Taking  into  account  the  condition  of 
orthogonality,  we  will  obtain  expression  for  P)  in  the  form  cf 
linear  combination  fro*  Pm,  which  it  is  possible  to  record  in  the 
form 

P i  4*  Zft/P/  —  S/vPy.  (8.5) 

Page  57. 


This  expression  is  correct  for  any  j;  therefore  (8.5)  it  is  the 
unknown  system  of  the  ordinary  dirrerential  equations  of  the  first 
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order  for  P/(z). 


i.,: 


w 


We  call  values  6’/m  coupling  coefficients,  since  they  describe 
interaction  of  waves,  obliged  of  the  irregularity  of  waveguide.  For 
them  is  obtained  the  following  expression: 

Si«  “  2kn '  J  “  F»H*'  'I'  E*ll‘y  ~  &  "I)  dS.  (8.6) 

End  conditions  for  Pt  are  located  as  in  the  problem  of  the  bent 
waveguide,  from  considerations  aoout  the  continuity  of  fields  upon 
transfer  from  irregular  to  regular  waveguides,  if  irregular  section 
with  a  length  of  L  is  joined  with  2=0  and  z=L  with  two  regular 
waveguides  and  from  side  of  left  waveguide  on  it  falls  the  wave  of 
number  a  from  single  amplitude,  then  these  conditions  take  the  form 
Pm( 0)  =  1,  Pj (0)  —  1  ppit  /  >0,  j^m-  Pj(L)  =0  m  j <0.  (8.7) 

The  physical  sense  of  system  (8.5)  is  such  as  systems  (7.9)  and 
interpretation,  given  to  system  (7.9)  at  the  end  of  the  first 
point/itea  §7,  it  can  be  almost  literally  (only  with  replacement  Ad 
on  Az)  it  is  used  to  (8.5). 


2.  From  common  expression  (8.6)  for  coupling  coefficients  it  is 
possibl  i  to  find  several  simple  correlations.  Compare,  in  the  first 
place,  (8.6)  with  the  formula  which  is  obtained  during 
differentiation  with  respect  to  z  of  equality  (3.8) 

I  (E?H?  -  dS  =  khm.  (8.8) 

In  this  case,  differentiate  one  should  only  integrand,  since  range  of 


«  M 

i  Jfli 
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integration  £or  all  z  one  and  the  sane.  In  this  way  we  find 

Smm  —  —  hnj2hni.  (8.9) 

Differentiating  then  for  z  the  condition  of  orthogonality  (3-9)  and 
expressing  the  obtained  integrals  through  coupling  coefficients 
according  to  (8.6) ,  let  us  find  reciprocal  relation  for  coupling 


coefficients 


fhnSmi  ~~  hjS  jtn  (til  =jb  j). 


(8.10) 


Two  last/latter  formulas  can  be,  it  goes  without  saying, 
obtained,  using  only  system  of  equations  (8.5),  in  the  same  way  as 
was  obtained  relationship/ratio  (7.14). 


Page  58. 


One  should  only  consider  that,  according  to  (8.6),  during  a  change  in 
direction  of  both  of  waves  value  S/m.  in  contrast  to  (7.11),  does  not 
reverse  the  sign,  i.e.,  -  S,m- 


Relationship/ratios  (8.9)  and  (8.10)  make  it  possible  tc  check 
that  system  (8.5)  satisfies  the  requirements,  which  escape/ensue  from 
law  of  conservation  of  energy.  According  to  the  law  of  conservation 
of  energy,  for  any  field  in  irregular  waveguide  with  real-valued  e 
and  p  must  be  constant  the  sum 

SI  (8. 1 1) 

i 

where  the  addition  goes  over  to  all  propagated  ( h,~  really)  waves 
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of  both  of  directions.  We  convert  derivative  of  (8.  11)  on  z,  after 
replacing  P)  according  to  equation  (8.5).  Then  this  derivative  will 
take  the  form 

2  [h]  +  h,  {sn  +  Si,)] )  Pi  |2  +  2S  'I'  h-s'^  p>p*  •  (8- 12) 

/  /+'« 

This  value  Bust  be  equal  to  zero  with  any  P„  therefore,  must  be 
equal  to  zero  brackets  in  both  sums.  Since  S„„  with  roal  ones  e,  p,  h , 
and  hm  is  also  real,  tnis  the  requirement  is  fulfilled  according 
to  (8.9)  and  (8.10). 

Let  us  note  that  in  exactly  tae  same  manner  it  is  possible  to 
show  that  the  system  of  equations  (7.9),  that  describes  field  in  the 
bent  waveguide  of  constant  section,  also  satisfies  the  law  of 
conservation  of  energy,  in  this  case,  the  equality  zero  brackets  in 
(8.12)  follows  from  reciprocal  relation  (7.14);  it  is  necessary  still 
to  bear  in  mind,  that  fcr  tae  propagated  without  attenuation  waves 
the  coupling  coefficients  F,m  are  pure  imaginary  and  that  into  this 
to  problem  h]  s0. 

3.  In  specific  problems  of  using  expression  (8.6)  it  is  usually 
inconveniently,  and  below  we  will  find  several  other  formulas  for 
Sjm,  after  obtaining  by  their  transformation  of  fundamental  expression 
(8.6)  . 

In  the  regular  waveguide  in  waich  e  and  p  they  do  not  depend 
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on  z,  i.e.,  when  de/dz  =* 0,  d\i/dz  =  0,  ail  coupling  coefficients  are  equal 
to  zero.  Let  us  find  such  expression  for  S/m,  fchich,  in  contrast  to 
(8.6),  will  contain  derivatives  on  z  of  e  and  p,  but  not  from 
fields. 


i  * 

1 

\ 


'A 


Let  us  record  the  equations  of  Maxwell  in  the  variables  x,  y,  S 
for  fields  Hm  and  E"  in  the  waveguide  of  comparison*  In  these 
equations  Em,  Hm,  hm,  and  also  e(x,  y),  p(  x,  y)  they  depend  on  z, 
i-e.,  from  that,  to  which  regular  waveguide  these  values  are  related. 
Let  us  differentiate  these  equations  for  z: 


Page  59. 


rot  =  -  iknfr'  —  rot  Hm'  =  +  ike'En.  (8. 13) 


i 

-•'V 


This  differentiation  indicates  transition  from  one  waveguide  of 
comparison  to  another,  close.  For  example, 

(Hm)'  -  (Hm'  - 1 lhmUm)  c~ih">l.  (8. 14) 

Let  us  multiply  equations  (8.13)  on  -  H~',  t~ and  the  equation  of 
Maxwell  (3.1),  written  for  a  wave  numbers  (-j),  will  multiply  on  (//'")' 
and  {£")'  let  us  add  results,  ile  will  obtain  the  equality 
div  {[fi-1  (£m)']  - 1 (//m)'£_/]}  =  I k  -  t'ETE"1)-  (8. 15) 

Let  us  isolate  to  the  left  derived  on  5  and  let  us  integrate  (8.15) 
with  respect  to  section,  after  accepting  /=/=/«.  On  metal  {Em)'  it 
satisfies  the  same  boundary  condition  (3.2) that  and  £m,  therefore 
will  remain  to  the  left  only  the  integral  of  derivative  on  5  from 
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5-th  the  component  of  the  vector,  from  which  is  undertaken  the 
divergence.  With  substitution (//'")',  (£"Y  second  terms  in  (8.14)  will 
fall  out  due  to  the  condition  of  orthogonality,  and  the  remaining  to 
the  left  integral  will  be  identical  with  integral  in  (8.6).  This 
transformation  is  led  for  a  coupling  coefficient  (8.6)  to  the 


ex pression 


-  ~~J . {  i  j  ET’E*  -  H-'Hm)dS  (8. 16a) 

Zhj  (/t;  -  hm)  \dz  dz  '  v  7 


or,  which  is  the  same  thing,  to  the  expression 

s'; = 5  [  s  ^ + -  £!«'>  + 

+  ^  (Hiir:  +  ds.  (8. 16b) 


The  presence  in  the  denominator  of  the  obtained  formula  of 
difference  hj  —  hm  does  not  mean  that  the  coupling  coefficient  of  two 
waves  becomes  very  large,  if  propagation  constant  of  these  waves 
converge.  According  to  (8.6),  S,,n  becomes  large  only  with  small  h/t 
but  when  \h,~ hm\ ->0  5,m  it  remains  final.  At  close  values  h,  and 
h.n  is  low  the  integral,  whicn  stands  in  the  numerator  of  expression 
(8.16).  This  remains  valid  and  roc  the  row/series  of  other 
expressions  for  S,m,  obtained  is  below,  also  containing  difference 
hj  —  h,„  in  the  denominator  (see  g9)  . 


Expression  (8.16)  fcr  coupling  coefficients  is  identical  with 
expression  (5.12),  found  by  the  examination  of  small  heterogeneities. 
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On  the  other  hand,  applying  system  (8.5),  (8.7)  to  a  small 
heterogeneity,  it  is  easy  to  obtain  formula  (5.6),  (5.7)  for  the 
amplitudes  of  the  parasitic  waves,  scattered  by  this  heterogeneity. 

Analogously  can  be  obtained  expression  for  hm.  Let  us  assume  for 
this  into  equations  (8.15)  j=fl.  Dependence  on  £  on  the  left  side  of 
the  equation  is  determined  only  by  second  term/component/addend  in 
(8.14).  Isolating  newly  derived  according  to  £  and  taking  into 
account  the  condition  of  orthogonality,  let  us  find 
hm  “  W~  J E'm  “  p7 fmtrm)dS.  (8 . 17) 

4.  Expression  (8.16)  for  coupling  coefficients  we  utilize  as  an 
intermediate  result  in  order  to  find  another  expression  for  Sjm,  most 
convenient  under  the  normal  conditions,  when  e  and  p  they  are  the 
piecewise  constant  functions  of  coordinates  and  e'  and  p'  they  are 
different  from  zero  only  on  the  boundary  of  the  region,  occupied  with 
material. 


In  order  to  calculate  S,m  for  this  case,  let  us  replace  first 
interface  with  the  thir  layer,  in  which  e  and  p  they  pass  from  the 
values  which  they  have  in  material,  toe  —  l,p=1.  Integral  in  (8.16)  is 
taken  only  on  this  layer  (shaded  in  Fig.  7) .  Of  this,  consists  the 
essential  difference  for  expression  (8.16)  from  (8.6),  in  which  and 
in  this  case  the  integral  is  taken  according  to  entire  section.  In 
order  not  to  complicate  recording,  let  us  suppose  that  there  is  only 
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one  interface.  Result  naturally  can  be  generalized  in  the  case  when 
such  interfaces  several. 

Let  us  introduce  local  system  of  coordinates  s,  n  in  the  thin 
layer  on  which  is  conducted  the  integration  in  (8.16),  thus,  in  such 
a  way  that  the  unit  vector  s  would  be  tangent  to  the  duct/contour,  on 
which  they  intersect  interface  and  cross  section,  and  unit  vector  n 
it  was  normal  to  s,  it  lie/rested  at  the  crcss-sectional  flow  and  it 
was  directed  from  area  in  whicn  e=l,  p=  1,  into  material.  Vector  n,  s 
the  unit  vector,  parallel  to  axis  z,  they  must  form  the  right-handed 
triad.  In  order  to  connect  dz/dz  with  de/dn  and  dp/dx  with  dp/dn,  one 
should  first  express  these  values  through  gradients  e  and  p. 
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Fig.  7.  Transition  layer  near  interface. 


Page  61. 


The  geometric  examination  wnich  we  lower, 

de.  _  dt  _ 

dz  v  dn  ’  dz  dn  * 


it  gives 
(8.18) 


where  v  is  equal  to  the  tangent  of  angle  a  between  Z-axis  and 
tangent  to  the  interface,  perpendicular  to  the  duct/contour  of  cross 
section.  Bela tionshi p/ratxos  (8.18)  are  illustrated  in  Fig.  8  for  the 
simplest  case  when  vectors  n,  grad  e  and  Z-axis  lie/rest  at  one 
plane. 


In  this  case,  according  to  Fig.  8,  it  will  simply  be 

—  —  —  |  grad  e  I  sin  a;  —  —  |  grad  e  I  cos  a,  (8. 19) 

dz  dn  •  ' 

whence  it  follows  (8.18).  In  the  general  case  the  factors  with  grad  e 
in  (8.19)  take  the  more  complex  form,  but  their  sense  is  always 
equal  -  v. 

Strictly  speaking,  (8.  18)  it  rs  correct  only  in  the  limit,  to 
which  we  will  pass  below,  oracing  the  thin  layer  wnere  occur  changes 
e  and  p,  into  surface  (interface);  in  this  case,  grad  e  and  grad 
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p  become  perpendicular  to  tnis  surface.  Before  passage  to  the  limit 
v  in  (8.18)  -  certain  value,  which  has  in  limit  the  geometric  value 
indicated. 


Substituting  (8.18)  in  expression  (8.16)  for  a  coupling 
coefficient,  we  will  obtain 


-  &E?)  -i-  ^  (HLHn  +  Hill?  -  HiH'?)  j  dn  j  ds.  (8.20) 


Let  us  recall  that  those  participating  in  (8.20)  fields  are 
related  to  the  regular  waveguides  of  comparison;  the  characteristic 
of  irregular  waveguide  is  now  only  value  v.  The  cross  section  of  the 
waveguides  of  comparison  consists  of  two  regions  with  constant  values 
e  and  p  and  their  fine/thin  dividing  transition  region  in  which 
c  and  p  they  depend  on  x  and  y. 


In  transition  layer  tangential  components  Hm  and  normal 
components  eE"\  pf/m  are  continuous,  so  that 


£?(«)  -  £«/e(«);  CT(n)  =  ET,  E?(n)  =  £?; 
HZ  (n)  -  Oft  («):  H?(n)  -  Hi  H?  (n)  =  H? 


(8.21) 


and  also  is  related  to  the  fields  of  the  wave  of  number  j. 
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Fig.  8.  To  the  conclusicn/derivatxon  of  relaticnship/ratio  (8.18). 

Page  62. 

Here  £j,(n)  and  so  forth  -  field  in  transition  layer;  to  the  right 
values  ££  confronting  and  so  forth  -  value  of  fields  on  interface 
from  its  that  side,  where  e  =  1,  j*=1.  Formulas  (8.21)  that  are  more 
precise  the  less  the  transition  layer.  They  are  derive/concluded  from 
the  integral  form  of  the  eguatxons  of  Maxwell  in  the  same  way  as 
usual  boundary  conditicns  or  the  section  of  two  dielectrics. 

After  substituting  (8.21)  in  (8.20),  it  is  possible  in  (8.20)  to 
produce  actual  integration  for  n.  After  this  S/m  will  contain  only 
integral,  undertaken  on  duct/contour  S. 

In  this  way  is  obtained  the  unknown  expression  for  a  coupling 
coefficient 

V  -  ~  ■  ~  —  S  V  (,)  !(t  —  1)  (EUi?  -  £'£?)  - 
2hi(hj  —  hm)  J 

-  (~  1 )  EltT  -t-  (ft  -  - 

— 0  (8,22> 
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Here  e  and  p  -  permeability  value  in  material. 

For  computing  the  coupling  coefficient  in  formula  (8.22)  it 
suffices,  thus,  to  know  the  fields  of  waves  on  the  boundary  of 
material  in  regular  waveguides  and  the  function  v(s),  which 
characterizes  the  divergence  of  the  waveguide  in  question  in  this 
section  from  regular. 

For  a  regular  waveguide  v  ==  0,  all  coupling  coefficients  are 
equal  to  zero. 

Expression  (8.22)  will  be  assumed  as  the  basis  of  analysis  in 
the  following  paragraph. 

Formula  (8.22)  especially  is  conveniently  used,  if  c  and  p 
they  are  •■'lose  to  unity,  since  substitution  in  (8.22)  fields  in  the 
empty  waveguide  immediately  gives  the  first  terms  of  expansion  Sim 
according  to  degrees  (e — 1 )  and  (p-1) . 
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To  the  form,  analogous  (8. 22)  perhaps  it  goes  without  saying,  is 
given  also  formula  (8.17)  for  a  derivative  of  wave  number. 

Formulated  in  the  beginning  of  this  paragraph  continuity 
condition  of  functions  e(x,  y,  z)  and  p(  x,  y,  z)  ensured  convergence  of 
series  (8.1)- (8.2)  in  all  points  of  cross  section.  It  made 
permissible  term-by-tera  differentiation  of  these  row/series  and  led 
to  system  (8.5)  and  values  S,m,  given  by  formula  (8.6).  However, 
further  transformation  of  expressions  (8.6),  that  led  for  disruptive 
ones  e  and  p  to  expression  (8.22),  none  is  connected  with  this 
condition. 

Page  63. 

Accurately  also  system  (8.5)  for  coefficients  in  expansions  (8.2), 
not  depending  on  the  degree  of  the  smoothness  cf  functions  e  and  p, 
it  remains  valid  in  all  stages  or  passage  to  the  limit  from 
continuous  ones  to  discontinuous  functions  e  and  p.  It  will  be 
valid  also  in  liait  for  discontinuous  functions,  although  row/series 
(8.2)  and  (8.3)  during  this  passage  to  the  limit  can  cease  to 
converge  on  discontinuity  surfaces  e  and  p  they  will  become 
unevenly  converging.  Situation  is  nere  analogous  by  that  with  which 
we  are  encountered  during  tne  usual  conclusion  of  conditions  for 
electromagnetic  fields  cn  the  interface  cf  two  media.  These 
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conditions  are  also  estafclisn/installed  first  fay  applying  the 
equations  of  Maxwell ,  valid  for  continuous  media,  to  thin  transition 
layer;  the  subsequent  passage  to  the  limit  does  not  disrupt  these 
conditions,  which  are  satisfied  in  entire  process  of  passage  to  the 
limit . 


This  reasoning  will  allow  us  in  the  following  paragraph  to 
continue  the  transformation  of  expression  fcr  coupling  coefficients 
and  to  pass  in  expression  (8.22)  to  the  limiting  case  of  infinite 
value  Je|. 


Passage  to  the  limit  to  the  case  of  disruptive  ones  £  and  p  we 
produced  above  in  formula  (8.1b).  This  same  transition  it  would  be 
possible  to  produce  and  in  initial  expression  (8.6).  Obtained  in  this 
case  expressions  for  coupling  coefficients  would  be,  however,  it  is 
considerably  more  complex  than  formula  (8.22) .  They  would  contain,  in 
the  first  place,  the  contour  integral,  analogous  (8.22).  This 
integral  appears  from  integration  on  the  thin  transition  layer  where 
the  field  gradients  are  very  great  and  that  participating  in  (8.6) 
derivatives  have  as  derivatives  in  formula  (8*16),  character  of 
6-functions.  In  the  second  place,  m  these  expressions  would  be 
preserved  integrals  of  the  same  type,  that  (8.6),  undertaken 
according  to  entire  section,  since  in  (8.6)  integrands  were  different 
from  zero  in  entire  section.  During  passage  tc  the  limit  Ie1-*oo 


&  * 

§ 


I 
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which  we  will  produce  in  tne  following  paragraph,  with  this  method  of 


calculation  in  expression  for  SJm  would  be  preserved  integrals  of 


both  of  types,  and  integral  according  to  section  would  contain 


derivatives  on  z  of  membrane/diaphragm  functions.  Obtained  in  this 


way  expressions  would  be  consiaerably  more  complexly  than  obtained 


lower  formulas  (9.2)  or  (9.5),  ana  we  will  not  give  them.  Let  us  note 


only  that,  utilizing  formulas  (9.11)  of  the  following  paragraph,  it 


would  be  possible  algebraically  to  demonstrate  the  identity  of  these 


formulas  for  the  coupling  coefficients  and  obtained  below  formulas 


(9.5)  . 


5.  In  this  point/item  we  will  give,  following  K.  A.  Barsukova's 


work  [82],  generalization  of  formalism,  developed  above,  to  case  when 


waveguide  is  filled  by  material  with  tensor  parameters. 


Page  64. 


Let  the  medium  be  characterized  by  the  hermitian  tensors  of  the 


dielectric  and  magnetic  constants 


E  =  I  z'e 


—  j'e,  0 


ea  0\  /p,  —  ip*  0  \ 

0  ,  M  =  ip,  p,  0  I  (8.23) 

0  e3/  \0  O'  p ,/. 


The  condition  of  orthogonality  for  fields  in  waveguide  we  accept  in 


the  form  of  equality  zero  integrals 


34 
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$  (£'"//'*  -  £';//'*  I-  -  //X)  </S. 


(8.24) 


with  j/ra.  It  goes  without  saying,  with  scalar  ones  e  and  p 
condition  (3.9)  also  could  be  replaced  by  condition  (8.24),  but  the 
accepted  by  us  condition  is  simpler.  We  standardize  fields  in  such  a 
way  that  with  j  =  m  integral  (8.2J)  would  be  equal  to  2khm. 


All  reasonings,  leading  to  tne  conclusion/derivation  of  system 
of  equations  (8.5),  in  this  case  will  be  preserved.  Instead  of 
formula  (8.6)  for  a  coupling  coefficient  will  be  obtained  the 
expression 

strn  -  ^  (I Em'nr\t  +  \ErHm'\t)  dS.  (8.25) 

Prom  this  expression  it  is  possinle  to  pass  by  the  same 
transformations  as  produced  in  the  preceding/pre vious  point/item,  to 
expression  for  5/m,  that  is  the  generalization  of  formula  (8.16): 

S"n  “  k  ^  f  ( E""  ?  E>  +  //m‘  r  /7'1  dS •  (826) 

2Ay  (hf  —  hm)  J  {  dz  a  dz  ) 

Derivative  of  tensor  is  defined,  as  usual,  as  the  tensor  whose 
cell/elements  are  equal  to  derivatives  of  the  cell/elements  of  this 
tensor. 

If  the  components  ci  tensors  E  and  M  are  the  piecewise  constant 
functions,  then  expression  (8.2o)  also  can  be  brought  to  contour 
integral.  Field  expressions  in  transition  layer  will  satisfy 
relationship/ratios,  somewhat  more  complex,  than  (8.21): 
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e r  (n)  =£?;£?(/■)  =  fi1;  e;  («)  w  e;\  (8.27) 

ei  (n)  e! (n) 

where  are  preserved  the  designations  of  formula  (8.21).  The  same 
formula  for  components  Hm  we  do  not  extract. 

Page  65. 

Integrating  (8.26)  on  n  on  transition  layer,  let  us  find  the 
expression  for  a  coupling  coefficient,  which  contains  only  fields  on 
the  boundary  of  the  introduced  in  waveguide  body 


e-^  E‘nE?  +  I  (£'£f  -  E‘Ef)  +  (t3  -  1  )ELeT  + 

el 

•  h  (  -  1 )  Hltlf  +  tizii  hLn?  +  i  —  {H[H?  -  H‘M?)  -f 

V  Hi  /  Hi  Hi 

+  (Ha-l)f/tH?jds.  (8.28) 

The  results  of  this  point/iteu  can  be  used,  for  example,  with 
the  examination  of  the  phenomenon  of  the  transformation  of  the 
electromagnetic  waves  during  different  ferrite  connection/inclusions. 

6.  Let  us  pass  to  application/use  of  obtained  system  of 
differential  equations  (8.5)  for  amplitudes  A  In  the  following 
paragraph  it  will  be  shewn,  that  this  same  the  system  describes  field 
in  tapered  weld.  Therefore  all  obtained  below  results  will  be  used 
also  to  such  waveguides.  Coupling  coefficients  for  them  also  are 
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expressed  in  the  form  of  the  contour  integrals,  which  contain  the 
angle  of  the  slope  of  generatrices  to  Z-axis. 


Let  us  examine  the  case  of  loose  coupling,  i.e.,  the  case  when 
all  coupling  coefficients  are  low.  This  occurs,  if  along  waveguide 
its  parameters  are  changed  slowly  -  is  lew  value  v0>  equal  to  the 
average/mean  value  of  the  tangent  of  generatrix,  or  generally  e  and 

p  little  they  are  changed  at  the  distances  cf  the  order  of  the  linear 
dimensions  of  section.  The  exceptional  case  when  during  a  slow  change 
in  the  parameters  coupling  coefficients  are  great  due  to  the 
smallness  of  the  confronting  in  denominator  wave  number,  will  be 
examined  in  the  following  chapter. 


As  in  the  preceding/previous  paragraph,  let  us  give  first  system 
of  equations  (8.5)  to  this  form  that  its  matrix/die  would  not  contain 
diagonal  terms.  Let  us  introduce  the  newly  given  amplitudes  p/(z),  after 
determining  by  their  now  equality 
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Pi  to  c-tJi  T/  to  =  ( h,dz .  (8.29) 


Substituting  (8.29)  in  system  (U.5)  and  taking  into  account 
relationship/ratio  (8,9)  between  S//  and  h ],  we  will  obtain  for  the 
given  amplitudes  system  of  eguations 
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End  conditions  for  Pi(z),  according  to  conditions  (8«7)  and 
introduced  in  (8.29)  to  factors,  take  the  form 

Pm  (0)  --=  1 ,  pi( 0)^=0  am  j  >  0,  j  i=  m\ 


PdL)  -=  0  fjpjf  /  <  0. 


(8.31) 


K  i 
B  - 


st.  ~  *' 
S./S. 

8j .  ■  ■ 

r..?; 

SK  <4 
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Repeating  the  considerations,  presented  before  formula  (7.34), 
let  us  preserve  in  (8.30)  to  the  right  only  amplitude  of  the  incident 


wave.  Then  Pm  — 0,  i.e. 


Pm  (z)  =  1,  Pm(z) 


-/ 


On® 


(8.32) 


From  comparison  with  expression  (3.10)  for  the  energy,  transferred  by 
wave,  it  follows  that  in  the  first  order  energy  of  the  incident  wave 
does  not  change  along  waveguide. 


Substituting  (8.32)  in  (8.30),  we  will  obtain  for  j^m  the 


equation 


^ <M3> 


From  it  and  end  conditions  \o.3)  let  us  find  the  amplitudes  of  the 
scattered  parasitic  waves 

p,“  *  V.wl^V  <8'34) 

With  upper  sign  formula  (8.34)  gives  P,(L)  with  j>0,  j/»,  with 
lower  it  gives  P/( 0)  with  j<0.  The  square  modulus  of  the  integral, 
which  stands  in  (8.34) ,  gives  energy  of  the  scattered  parasitic  wave, 
divided  into  energy  of  the  incident  wave.  The  physical  sense  of 
different  cell/elements  cf  formula  (8.34)  was  discussed  into  §5, 
where  it  was  obtained  by  other  means. 


Formula  (8.34)  together  wita  the  obtained  above  different 
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expressions  for  coupling  coefficients  reduces  stated  problem  of  the 
calculation  of  waveguide  with  the  slowly  changing  parameters  to 
quadrature. 


Page  67. 


7.  Approximate  solutions  (8.32),  (8.34)  it  is  possible  tc  derive 
or  precise  system  (8.30)  somewhat  more  formal  path.  Let  us  expand  for 
this  Pi  in  row/series  according  to  the  degrees  of  the  low  parameter 
of  the  problem 

Pi  =  pf  +  v0 + . . .  .  (8.35) 


The  character  of  system  (8. JO)  maies  it  possible  trivially  tc  produce 
the  separation  of  the  members  of  different  orders  of  smallness.  All 
coupling  coefficients  have  order  v0,  so  that  Sjm  —  v0S/m,  where  S/m  is 
not  contained  already  lew  factor,  with  substitution  (8.35)  into 
system  (8.30)  we  will  obtain 


"!•"  -  ®.  •»!"'  -/ -MriV'Ov-  V) . 

(8.36) 

The  first  of  these  equations  gives  pj0)  —  0  with  js*»,  pin—1. 


From 


the  second  equation  follows  tnat  />!,V  —0  and  the  formula  for  P/\ 
identical  (8.34)  . 


This  reasoning  can,  however,  prove  to  be  erroneous.  The  problem 
in  question  contains,  besides  the  low  parameter  v0,  also  the  high 


parameter  -  length  of  section  L,  and  in  condition  total  variation  in 
the  properties  of  waveguide,  proportional  to  product  v0L,  it  is  not 
considered  small.  Therefore  it  can  seem  that  expression  (8.34)  for 
P/°(z),  giving  low  value  in  the  neyinning  of  section,  with  large  z 
ceases  to  be  small.  This  really/actually  occurs  during  the 
degeneration  when  the  propagation  constant  of  any  wave  is  close  to 
the  propagation  constant  of  the  incident  wave.  In  such  cases 
exponential  factor  under  integral  in  (8.34)  will  not  be  the  rapidly 
changing  function  from  z,  and  integral  in  (8.34)  will  not  be  low 
value.  Used  in  this  case  calculation  method  we  will  examine  into  §15 
based  on  the  example  of  tne  twisted  waveguide.  Analogous  conditions 
we  met  in  the  theory  of  the  waveguides,  bent  cn  curved  small 
curvature.  Applicability  condition  for  entire  approach/approximation 
of  "loose  coupling"  is  therefore  not  simply  smallness  v0  or 
analogous  values,  but  smallness  of  all  amplitudes,  given  (8.34).*. 

FOOTNOTE  *.  It  is  more  precise,  small  in  comparison  with  unity  must 
be  all  expressions  of  t-oe  (8.34)  with  substitution  instead  of  the 
constant  upper  limit  of  L  of  any  value  z  from  the  interval  in 
guestion.  ENDFOOTNOTE. 

This  is  reasoning,  in  particular,  it  explains,  why  to  more 
conveniently  examine  the  given  amplitudes  p,(z)  it  is  not  possible  the 
same  expansion  to  produce  directly  with  system  (8.5)  for  Pj(z).  The 
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right  side  of  the  equation  for  P )  contains  term/component/addend, 
proportional  Pi . 

Page  68. 

With  the  substitution  of  tae  expansion  of  amplitudes  Ph  analogous 
(8.35),  this  term/component/addend  (with  j=ptn)  would  be  the  second 
order  of  smallness  (on  v0).  However,  during  integration  on  long 
section,  it  would  give  in  P/(z),  as  it  is  easy  to  check,  the 
contribution  of  the  first  order  on  v0.  Thus,  for  obtaining  the 
correct  result  it  would  be  necessary  during  integration  for  long 
section  to  unite  the  members  of  the  different  order  of  smallness. 
Transition  from  one  variaoles  P /  to  the  next  p,  allows,  applying 
expansion  according  to  degrees  v0,  to  construct  the  solution  which 
considerably  more  slowly  diverges  during  advance  along  waveguide. 
Physically  this  is  connecteu  with  the  fact  that  the  solution  pm(z)=  1 
satisfies,  as  wa  indicated,  to  the  law  of  conservation  of  energy. 

There  is  a  specific  analogy  between  transition  fro*  P/(z)  to  the 
given  amplitudes  p, (z)  and  Known  transformations,  produced  in  the 
theory  of  the  propagation  of  waves  in  the  inhomogeneous  media  (for 
example,  see  [80],  §16)  wnen  deriving  the  equations  of  geometric 
optics. 


. 
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8.  In  chapter  V,  we  will  use  results  of  this  paragraph  to 
calculation  of  row/series  of  concrete/specif ic/actual  systems.  Let  us 
here  note  only  three  special  cases  when  formulas  for  the  amplitudes 
of  the  scattered  waves  taite  simpler  form.  Let,  in  the  first  place, 
the  coupling  coefficient  S/m  in  entire  irregular  section  have  one  and 
the  same  order  of  magnitude,  and  at  the  end/leads  of  the  section  with 
z=0,  z=L  jump  takes  zero  values.  This  can,  for  example,  occur,  if  the 
slope  tangent  of  generatrix  v(s,  z)  in  (8.22)  little  is  changed  in 
interval  0<z<L.  Then  integral  in  expression  (8.34)  can  be  calculated 
by  integration  and  to  reject/throw  in  parts  integral  term. 

FOOTNOTE  *.  If  (8.37)  it  is  equal  to  zero  (at  any  frequency) ,  then  to 
calculate  py  according  to  (8. 34)  is  impossible,  as  the  remaining 
integral  term  there  will  be  the  same  (the  second  on  v0)  order,  that 
also  third  add/composed  in  (8.35),  not  considered  in  (8.34).  This 
consideration  is  related  also  to  the  third  case,  mentioned  at  the  end 
of  this  point/item.  ENDFC0TN0TE. 

In  this  case,  we  disregard  the  values  of  the  order  of  the  square  of 
average/mean  value  v(s,  z)  and  order  by  derivative  v  on  z.  For  Pi 
is  obtained  in  this  way  explicit  expression  in  the  form  of  the 
binomial  formula,  analogous  (7.35)  z 
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Xe-hm(t-)-T/an  (8.37) 

Here  upper  sign  is  related  to  direct  waves,  lcwer  -  to 
reverse/inverse  ones. 

Page  69. 

As  for  the  bent  waveguide,  the  amplitude  of  direct/straight 
parasitic  waves  it  is  mere  than  the  amplitude  of  reverse/inverse 
ones,  since  for  direct  waves  the  oscillatory  factor  under  integral  in 
(8.34)  is  the  less  rapidly  changing  function,  than  for 
reverse/inverse  ones.  However,  for  rectilinear  waveguides  this 
difference  in  amplitudes  is  less,  since  very  coupling  coefficients 
5/m,  as  we  will  see  belcw,  have,  generally  speaking,  one  and  the  same 
order  of  magnitude  for  direct/straight  and  backward  waves,  but 
coupling  coefficients  Fjm  in  oending  considerably  more  for  direct 
waves,  than  for  reverse/inverse  ones. 

Integration  in  parts,  produced  during  conclusion/derivation 
(8.37),  isolated  the  values  of  coupling  coefficient  at  the  salient 
points  of  generatrix.  At  tnese  poiuts  occurs  less  complete,  than  in 
other  sections,  the  compensation  the  parasitic  waves,  which  are 
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formed  along  irregular  section.  The  second  case,  for  the  first  time 
examined  in  Yu.  M.  Isaenko*s  article  [83],  by  whom  it  is  possible  to 
produce  the  approximative  integration  in  expression  (8.34),  is 
connected  with  the  character  of  a  change  of  the  rapidly  oscillatory 
exponential  factor  in  (8.34).  Toe  derivative  cf  the  exponential  in 
integral  (8.34)  is  equal  to  i(hj—hm).  If  in  any  section  the  propagation 
constant  of  the  appearing  direct/straight  parasitic  wave  A,(z)  is  equal 
to  the  propagation  constant  of  tne  fundamental  wave  hm(z) 

h,(z)-~=hm(z),  (8.38) 

the  for  integral  (8.34)  corresponding  value  z  gives  the  point  of 
steady  state.  In  the  vicinity  of  tnis  point,  exponential  factor 
changes  more  slowly  than  in  other  regions  of  irregular  section, 
compensation  also  is  attenuate/weakened ;  entire  integral  (8.34) 
proves  to  be  the  approximately  equal  to  the  integral,  undertaken  on 
this  vicinity,  and  the  value  or  the  functions,  which  stand  by  factor 
with  exponent,  simply  they  will  oe  carried  as  integral  sign. 


Integral  (8.34)  for  direct  waves  can  be  recorded  in  the  fora 

Pi  =  \<t>(z)e~ia*lz)dz,  (8.39) 

0 

where  <l>  equal  to  all  product  preexponential  factors  in  (8.34),  and 
the  function  if,  which  is  everywhere  of  the  order  of  one,  is 


determined  by  the  equality 


(8.40) 


Tm  W  T/(f) 

In  this  case,  is  isolated  the  high  parameter  cf  problem  o ,  equal  to  a 
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difference  in  phase  chanye  of  two  these  waves  in  entire  irregular 
section 

a  =  y„,{L)-yj(L).  (8.41) 
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If  in  region  0<z<L  there  is  equation  i.e.,  the  root  of 

equation  (8.38),  then  integral  (8.39)  can  be  calculated  according  to 
the  method  of  steady  state,  utilizing  condition  Jo| >  1.  Leading  term  in 
expansion  (8.39)  according  to  reverse/inverse  degrees  a  is  of  the 
order  o*"1/2.  He  is  equal  to 


-lYmcM--v,K>---«/*]  f  2n 


(8.42) 


where  z~zs-  a  root  of  equation  (8.38).  The  reject/thrown  terms  will 
be  of  the  order 


Expression  (8.42)  contains  low  factor  Ofo),  however,  in  the 
denominator  of  this  expression,  also  will  cost  low  value  -  root  from 
derivative  on  z.  Therefore,  when  in  irregular  section  there  is  points 
of  steady  state,  i.e.,  the  points,  at  which  is  satisfied  condition 
(8.38),  then  the  amplitude  of  tne  corresponding  parasitic  wave  proves 
to  be  comparatively  large,  proportional  to  square  root  of  the  angle 
of  the  slope  of  generatrix,  i.e.,  from  series  expansion  parameter  of 
problem.  Have  amplitudes  for  wnica  equation  (8.38)  does  not  have 
roots,  will  be  less,  they  contain  slope  angle  tc  the  first  degree.  In 
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article  [83]  formula  (8.42)  is  used  to  the  determination  of  the 
amplitudes  of  the  parasitic  waves,  which  appear  in  special  complex 
waveguide  transition. 

The  third  case,  in  some  ratio/relat ions  opposite  to  the  first, 
with  which  also  it  is  pcssinle  to  calculate  integrals  (8.34), 
appears,  if  the  functions,  whicn  describe  the  surface  of  irregular 
waveguide,  are  continuous  together  with  all  their  derivatives.  This 
case  is  examined  in  the  article  of  Pokrovskiy,  etc.  [26],  in  which 
are  analyzed  thoroughly  the  integrals  of  the  same  type  as  (8.34).  As 
that  is  accepted  in  analogous  quantum-mechanical  problems,  these 
integrals  are  calculated  by  the  steepest  descent  method  in  the  plane 
of  a  complex  variable;  they  prove  to  be  in  this  case  exponentially 
low  values,  order  e~c'\  where  number  C  depends  on  the 

concrete/specific/actual  form  of  integral  (8.34).  The  application/use 
of  this  computational  procedure  is  connected  with  definite 
difficulty,  since  under  actual  conditions  the  surface  of  metal  is  not 
described  analytic  function-  Tnis  is  procedure,  apparently,  it  can 
prove  to  be  essential  in  the  theory  of  natural  ones.-  for  example 
atmospheric,  waveguides. 

9.  In  all  constructions  of  .his  paragraph,  we  assumed  that  field 
Em  (x,  y),  Hm  {x,  </)  and  wave  numoers  hm  of  its  own  waves  in  regular 
waveguides  with  heterogeneous  filling,  i.e.,  in  waveguides  in  which 
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e  —  e(x,  y),  p  — p(x,  y),  to  us  were  known, 


Page  71. 


In  a  number  of  cases,  however,  tae  determination  of  these  fields  is 
independent  and  complex  problem.  Is  presented  briefly  a  method  which 
makes  it  possible  to  solve  it  tc  any  degree  of  accuracy. 


In  contrast  to  the  expansions  which  we  used  above  and  let  us  use 
for  the  extent/elongaticn  of  an  entire  monograph,  field  in  the  filled 
waveguide  it  is  possible  to  decompose  on  the  fields  of  waves  in  the 
same  empty  waveguide.  This  expansion  was  for  the  first  time  suggested 
by  Shchelkunov  [55]  and  it  is  used  by  Morgan  [44];  however,  the 
developed  by  them  apparatus  is  extremely  complex;  considerably  more 
effective  the  same  expansion  was  used  by  Brodskiy  [56].  Method 
presented  below  makes  it  possible  to  obtain  results,  virtually 
equivalent  to  results  articles  [56J,  by  more  direct/straight  and 
simpler  method. 


Let  us  introduce  for  fields  and  wave  numbers  of  its  own  waves  in 
the  regular  empty  waveguide  of  designation  £om)  These  values 

satisfy  equations  (3.4)  with  e^l,  p=l.  The  transverse  components  of 
fields  in  the  filled  waveguide  of  the  same  section  let  us  decompose 
in  the  row/series 

Ex  =  PvET,  Ey  =  PvC;  -  /VC.  t!y  -  PXV.  (8  43a) 
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where  P,  =  P;(z).  After  substituting  these  expansions  into  two  of  the  six 
equations  of  Maxwell,  we  will  ontam  for  the  longitudinal  components 
of  the  expansion 

-  -  PvEl\  Ht  =  1  PvWT.  (8.43b) 

e  H 

characterizing  by  from  (8.43a)  cofactors  1/e  and  1/p.  The  presence  of 
these  factors  shows,  by  the  way  that  the  complete  field  in  the  filled 
waveguide  cannot  be,  strictly  speafcing,  it  is  decomposed  on  the 
fields  of  waves  in  the  empty  waveguide.  According  to  formulas 
(8. 2-8. 3),  this  expansion  in  terms  of  the  fields  of  waves  in 
waveguide  with  the  same  accurately  section  exists. 

After  substituting  (8.43)  into  the  remaining  four  equations  of 
Maxwell,  we  will  obtain  four  equations  of  type  (8.4) .  One  of  them 
takes  the  form 

=  Pv  {_  tkvj$  +  1  .  (8.44) 

three  others  we  we  do  not  extract.  Using  further  the  condition  of 
orthogonality  for  fields  in  the  empty  waveguide,  we  will  obtain  for 
variables  P,(z)  the  system  of  ordinary  differential  eguations  with  the 


constant  coefficients 

Pj  —  Mj\P  v 


(8.45) 


! 

! 
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Page  72. 

Values  M,m  characterize  t hj  commuaication/connection  between  waves  in 
the  empty  waveguide,  obliged  to  difference  e  and  p  froa  unity. 

After  simple  transformations,  utilizing,  in  particular,  the  t  eorem 
of  Stokes  and  boundary  condition  for  E,  we  will  obtain  froa  (8.44) 

M,n  =  -i-  P  f-  El'ET  -{-  -  Hl'HT  + 

+  e  (E°X‘ET  +  El'Elm)  +-  ^  (HSHT  +  ^W))  dS.  (8.46) 

Formulas  (8.45-8.46)  make  the  same  sense,  as  formula  (19-20)  of 
article  [56],  The  definition  of  coefficients  M,m  in  this  method  does 
not  require  as  in  [55]  and  [44],  tne  solution  of  infinite  system  of 
equations. 

The  fields  of  their  own  waves  in  waveguide  with  e=e(x, y),  jn. = p. (jc,  y) 
are  obtained  from  requirement  so  that  the  solutions  of  equation 
(8.45)  would  satisfy  the  condition 

P,(z)~P,(0)e-‘h\  *  (8.47) 

Substitution  (8,47)  in  (8.45)  reduces  as  for  the  bent 
waveguides,  to  the  infinite  system  of  homogeneous  algebraic  equations 
for  Pj(0) 

(46/v  —  iMjV )  Pv  (0)  =  0.  (8.48) 

The  wave  numbers  of  their  own  waves  h  are,  thus,  roots  of  eguation 
[sr  (7.  39)  ] 


Det  |  Mjm  -J-  ihbjm  |  •=  0. 


(8.49) 


teste 
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Equations  (8.48)  and  (8.49)  are  analogous  to  equations  (7.38) 
and  (7.39).  After  solving  (8.49) ,  we  for  each  root  cf  h  will  find 
from  (8.48)  and  the  condition  for  standardization  (3.8)  of  amplitudes 
P/( 0),  which  correspond  to  tnis  their  own  wave. 

If  e  =  1,  p.  —  I,  then  Mim  =  —  i7t®6/m,  the  matrix/die  of  system  (8.48) 
will  be  diagonal,  and  the  roots  of  equation  (8.49)  will  be  all 
numbers  ft®.  If  e  =  const  1,  p  =  const  =£=  1,  then  they  are  different  from  zero 
only  those  coeff  icients  M/m,  in  which  j=t-m.  That  standing  in  (3.49) 
determinant  decomposes  into  the  product  of  the  determinants  of  the 
second  order,  so  that  wave  nuaoers  will  be  located  from  quadratic 
equations;  it  is  easy  to  confirm  that  these  wave  numbers  are  equal  to 
+  as  this  follows  from  elementary  consideraticns. 

The  effectiveness  of  the  method  of  determining  the  field  of  its 
own  waves  presented  depends  on  the  order  of  magnitude  cf  nondiagonal 
elements  Mfn  and  of  rate  of  their  decrease  during  distance  from 
diagonal. 

Page  73. 


If,  for  example,  |c(.v,  y)  — 1|  and  iiM*.  y)~  1|  they  are  small,  then  will 
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be  low  all  nondiagonal  coefficients  Mjm,  and  matrix/die  in  (8.48)  will 
take  almost  diagonal  fora,  ihe  solution  of  equation  (8.49)  can  be  in 
this  case  in  old  order  on  j e  —  1 j  and jp-1 (obtained  in  explicit  form. 

Let  us  note  in  conclusion  still  following.  Expansion  (8.43)  and 
system  of  equations  (8.45)  describe  field  also  in  the  irregular 
waveguide  of  constant  section,  i.e.,  when  e(x,y,z)  and  p(x,  y,  z) ,  and 
in  this  sense  they  have  the  same  value,  as  system  (8.5).  During  the 
use  of  system  (8.45)  for  irregular  waveguides  in  which  now  M,m  they 
depend  on  z,  variables  P/(z)  must  satisfy  not  condition  (8.47),  but  to 
other  any  end  conditions.  If  waveguide  with  irregular  filling  is 
connected  from  both  of  sides  with  the  empty  waveguides,  then  end 
conditions  take  form  (8.7).  In  the  more  general  case  end  conditions 
for  (8.45),  in  turn,  are  determined  from  the  system  of  the  algebraic 
equations,  which  are  obtained  from  the  requirement  of  the  continuity 
of  fields  at  the  end/leads  of  the  irregular  section. 

The  question  concerning  that,  which  of  two  systems  of  equations 
-  (8.5)  or  (8.45)  -  expedient  to  apply  in  any  specific  problem,  in 
the  final  analysis  it  is  determined  by  the  structure  of  field  in  this 
irregular  waveguide.  In  the  broadoand  well  matched  eguipment/devices 
field  in  any  section  it  is  usually  close  to  field  in  the  regular 
waveguide  of  the  same  section,  and  therefore  during  the  analysis  of 
such  equipment/devices  tc  more  conveniently  use  system  of  equations 
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(8.5) :  in  it  will  be  small  the  coupling  coefficients  and,  as  a  rule, 
also  all  amplitudes  P,-,  except  one  or  two.  Entire  examination  of  §7 
would  be  very  hinder /hampered  during  the  use  of  system  (8.45) ;  field 
would  be  described  by  «.  large  number  of  amplitudes  Plt  strongly 
connected.  It  would  be  to  use  this  system  and  to  the 
common/general/total  constructions  of  the  following  paragraph.  Most 
probable,  it,  as  a  rule,  it  is  expedient  to  utilize  only  for  the 
determination  of  their  own  waves  in  waveguides  with  heterogeneous 
filling. 


pr  -  «• 


However,  in  last/latter  point/item  §22,  we  will  examine 
equipment/device  in  which  the  field  is  close  to  field  in  the  empty 
regular  waveguide;  during  the  analysis  of  this  bending,  the 
application/use  of  expansions  of  type  (8.43)  will  lead  to 
target/purpose  somewhat  faster  tnan  the  use  of  expansions  of  type 
(8. 2-8. 3)  . 


Page  74. 


§9.  Calculation  of  tapered  welds  ay  the  method  of  cross  sections. 


1.  Direct  applicatiou/use  of  method  of  cross  sections  to  tapered 
welds  is  connected  with  definite  difficulty,  which  consists  of  the 
fact  that  in  row /series  of  type  (8.1)  of  field  E,  H  and  of  field 
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Em,  Hm  they  satisfy  different  Doundary  conditions.  Therefore  on  the 
duct/contours  of  cross  sections,  tnese  row/series  not  converge  to  the 
functions  which  they  Bust  represent.  Differentiation  of  such 
row/series  brings,  as  is  known,  to  the  certain  complications. 

From  a  physical  point  of  view,  the  difficulty  consists  in  the 
fact  that  the  representation  of  field  in  the  form  of  row/series  is 
not  applicable  near  metal,  i.e.,  precisely,  where  must  be  placed 
boundary  conditions. 

In  order  not  to  operate  wita  the  unevenly  converging  series,  we 
will  produce  computations  ny  the  fo3*-wing  diagram,  which  rests  on 
the  results  of  the  preceding/previous  paragraph:  compare  this  tapered 
weld  (Fig.  9)  with  the  auxiliary  waveguide  of  constant  section  (Fig. 
10),  by  the  filled  material  with  constants  e  and  y  in  such  a  way 
that  free  from  material  tnere  remains  only  the  region,  which 
corresponds  to  interior  of  tms  tapered  weld.  In  ether  words,  let  us 
enter  this  waveguide  in  the  waveguide  of  constant  and  larger  section 
and  will  fill  with  material  with  e*=const=£l,  n“const¥=l  the  region  between 
the  boundaries  of  both  waveguides.  For  this  large  waveguide  with 
irregular  filling,  we  can,  using  the  results  of  the 
preceding/previous  paragrapn,  to  write  expansions  (8.2),  (8.3)  and 
system  of  equations  (8.5)  tor  the  coefficients  of  expansion.  For  that 
discontinuous  distribution  of  material,  which  we  assigned  in  large 
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waveguide,  coupling  coefficients  are  expressed  by  formula  (8.22) . 
These  results  are  valid  for  any  value  e  and  p  material. 

Let  us  then  increase  tae  dielectric  constant  e  ■  of  material, 
making  it  in  this  case  composite.  All  above  formulas  will  remain 
valid,  will  be  they  valid  also  in  passage  to  the  limit  UI-+00.  Upon 
this  transfer  auxiliary  waveguide  (Fig.  10)  becomes  identical  to  this 
tapered  weld  (Fig.  9).  Thus,  formulas  (8.2),  (8.3),  (8.5),  (8.7), 
(8.9),  (8.10),  derived  ter  a  waveguide  with  alternating/variable 
filling,  and  all  formulas  ana  results  of  three  last/latter 
point/items  §8  prove  to  be  directly  used  also  for  a  waveguide  with 
alternating/variable  section. 
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Fig.  9.  Tapered  veld. 


Fig.  10.  Auxiliary  waveguide  or  constant  section. 

Page  75. 

As  far  as  formula  is  concerned  (d.2 2)  for  coupling  coefficients,  in 
it  appears  an  indeterainancy/uncertainty  of  type  ooO,  since  when 
| e |  — oo  components  Emt  and  E ™  on  duct/contour,  i.e.,  on  the  boundary 
of  material,  will  vanish.  In  order  to  find  explicit  expression  for  a 
coupling  coefficient  in  tapered  weld,  let  us  produce  in  (8.22) 
consecutive  passage  to  the  limit. 

Ihen  |e|  — oo  fields  E",  E ?  and  /C  will  vanish.  In  this  case, 
according  to  Leontovich  boundary  condition,  between  tangential 
components  of  electrical  and  Magnetic  fields  there  is  the 
comaunication/connecticn: 
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ET‘ 

El  H‘»  E'z  -= 


-  -  V-T  H ?: 

-KT* 


Let  us  recall  that  relationship/ratios  (9.1)  are  related  to  fields  in 
the  regular  waveguides  of  tne  comparisons  for  which  normal  to  the 
surface  coincides  with  n. 


SSL'S 


After  substituting  (9.1)  into  formula  (8.22),  we  will  obtain 
under  integral  the  expression  in  which  it  is  already  easy  to  pass  to 
limit  |e|--oo.  In  this  way  is  ontained  the  following  formula  for  a 
coupling  coefficient  in  tapered  weld: 

S""  "  Ih^hj-  hj-  § v  (s)  (E>n  &  + H’11'  “  H‘HT)  ds-  {9  2) 

As  one  would  expect,  tne  value  of  magnetic  permeability  of 
material  fell  out  from  the  resultant  expression.  Let  us  note  that 
this  it  would  be  possible  to  use,  in  order  by  the  shortest  path  to 
derive  formula  (9.2) ,  operating  with  scalar,  but  not  vector 
expressions.  For  this,  it  was  necessary  to  consider  that  in  waveguide 
with  alternating/var iafcle  filling  (Fig.  10),  introduced  in  the 
beginning  of  paragraph,  p(x,  y,  z)  is  equal  tc  1/e  (x  y,  z)  Then  and  in 
the  waveguides  of  comparison  with  Heterogeneous  filling  product  e-p 
would  be  constantly.  In  such  waveguides,  as  it  is  easy  to  shew, 
fields  are  expressed  as  two  scalar  functions  $  and  *  on  the 


f  '' 


I  i 
r 

If  *■'. 
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formulas,  analogous  (3.14),  and  tnere  is  as  in  the  empty  waveguides, 
division  into  %.  and  H- waves.  Functions  $  and  *  satisfy  the 
self-adjoint  equations  of  type  (J.  11),  that  also  generating  the 
complete  system  of  eigenfunctions  and,  etc. 


Formula  (9.2)  expresses  tne  couplinq  coefficient  through 
currents  and  charges,  which  appear  of  the  passage  of  the  waves  of 
numbers  j  and  m  on  the  walls  of  the  regular  waveguide  of  comparison. 


Page  76. 


for  in  question  in  this  paragraph  irregular  tapered  welds,  the 
waveguide  of  comparison  is  the  empty  waveguide  with  the  section,  that 
also  the  section  of  irregular  waveguide  with  the  given  z. 


Completing  the  same  dual  passage  to  the  limit  (to  discontinuous 
distribution  e  and  tc  |ej-*oo)  in  formula  (8.17),  is  easy  to  find 
also  for  a  derivative  of  wave  number  expression  in  the  fora  of  the 
contour  integral 


*»  =  1 3T  §  v  <s>  MW  +  <  W  -  ( Wl  ds.  (9.3) 


Formulas  (9.2)  and  (9.3)  coincide  with  formulas  (6.16)  and 
(6.12),  obtained  in  §6  mere  elementary  methods.  On  the  other  hand, 
applying  (8.5)  and  (8.7)  to  a  small  irregularity,  it  is  easy  to 
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obtain  formulas  (6.7)  and  (6.8)  . 


Proa  expressions  (9.2)  and  (9.3)  is  easy  to  obtain  the 
relationship/ratio  between  S-«,m  and  h'm 

s_m.  „  =  — £ - -Jr-<fcv<s)  ( H?)*ds ,  (9.4) 

*  ihm  J 

being  another  recording  of  formula  (6.13). 


In  the  empty  waveguide  or  field,  they  can  be  expressed  through 
aembrane/diaphragm  functions.  Sunstituting  expressions  (3.14)  in 
(9.2)  ,  we  will  obtain  formulas  for  coupling  coefficients;  in  chapter 
VI,  these  formulas  are  applied  for  concrete/specific/actual 
computations.  Formula  (9.5a)  is  related  to  that  case  when  both  of 
magnetic  type  waves,  (9.5b)  -  when  they  are  electrical  types  both, 
and  (9.5c)  -  when  the  wave  m  -  magnetic  type  number,  but  the  wave  of 
number  j  -  electrical.  According  to  reciprocal  relation  (8.10),  the 
fourth  possible  case  separately  examined  not  must  not  be. 


s«= iv^§v<s> 

(9.5a) 

*-5^^  (9-5b) 

Sw=_arivts)*;  <95c 


(9.5c) 


In  these  formulas  n  -  the  standard,  directed  into  metal,  s  is 
selected  so  that  n,  s  and  unit  vector,  directed  along  the  axis  z. 


3  m 

i  is 
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would  fora  the  right-handed  triad. 


Page  77. 


For  a  derivative  or  wave  nuaoer  for  magnetic  and  electrical 
waves,  it  will  be,  according  to  (9.3), 


2hm 

'c£)Y 

(9.6a) 

hm  ■ 

a*  L  M pm 

»^V<S>(*T 

)’d. 

(9.6b) 

Xn  the  same  fora,  analogous  (6.13),  can  be  recorded  also  formula 
(9.4)  . 


2.  Coupling  coefficients  depend  on  frequency,  since  in  (9.5) 
enter  k  and  h,  moreover  dependence  this  for  direct/straight  (j<0)  and 
reverse/inverse  (j<0)  waves  is  dirrerent.  However,  of  high 
frequencies  all  coefficients  of  coupling  (9.5)  cn  frequency  do  not 
virtually  depend.  High  we  call  tne  frequencies  at  which  the  phase 
rates  of  the  waves  in  question  are  close  to  the  speed  of  light,  i.e., 
fi/ssrl.  Utilizing  the  identity 


kl~hm 


(9-7) 


escape/ensuing  from  determination  of  h  (3.13),  it  is  easy  for  S/m 
when  1,  l  to  write  the  expressions,  corresponding  to  three 
foraulas  (9.5) : 


■ 


DOC  =  79024305 


PAGE 


jhIp 


Sim  =  ~2  ^T  —y  |> v  (s)  «)a?»V'T  —  (a*  +  otm)  ~ 


3\|/ 


SlM  =  J^L*§v{s)J>f_&ds: 

2  (a^,  —  a*)  J  5/1  3/* 


(9.8a) 


(9.8b) 


S/-  =  +{$v(s)^«t*. 


(9.8c) 


These  expressions  do  not  contain  frequency.  Two  last/latter 


formulas  (9,8b)  and  (9.8c),  are  recorded  both  for  straight  lines  and 


for  backward  waves;  upper  sign  in  them  is  related  to  direct  waves. 


lower  -  to  reverse/inverse  ones.  Formula  (9.8a)  is  written  for  direct 


waves.  For  backward  waves  rn  it,  one  should  drcp/omit  first  term  and 


replace  ratio/relation  («„  +  <**)/ {<*£,  —  a*)  with  unity, 


Page  78, 


If  one  of  the  magnetic  waves  is  symmetrical,  i.e. ,  d\j)/ds  =  0,'  then  in 


(9.5a)  is  present  only  first  term/component/addend.  For 


reverse/inverse  magnetic  waves  rn  this  case,  on  (9.8a)  will  be 


obtained  the  zero  va’ue  c£  coupling  coefficient.  It  is  necessary. 


however,  to  bear  in  mind,  that  (9.8)  is  only  the  old  (not  depending 


on  frequency)  term  in  expansions  S/m  according  to  the  negative 


degrees  of  frequency.  For  reverse/inverse  synetrical  magnetic  waves 


old  will  be  the  following  term,  and  for  S,m  it  is  necessary  to  use 


the  expression 


«  •>  . 

Slm-~---j~Lyx(s)rn'['lds. 


(9.9) 
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If  we  do  not  consider  tnrs  exceptional  case,  then  with  an 
increase  in  the  frequency  coupling  coefficients  approach  the  finite 
values,  different  for  direct/straiyht  and  backward  waves  and  by  order 
of  value  by  equal  to  \0/a,  where  a  -  order  of  the  linear  dimensions  of 
the  section  of  waveguide.  fot  magnetic  symmetrical  waves  and  in  some 
other  special  cases  the  coupling  coefficient  cf  backward  waves  of 
high  frequencies  vanishes  as  vu/lt2a3. 

From  independence  S„n  from  frequency  for  high  frequencies  (and 
far  from  resonance  frequencies)  follows  also  the  independence  of 
losses  on  step  from  frequency,  In  §6  this  independence  was  shown 
based  on  the  example  of  symmetrical  magnetic  wave  in  the  circular 
waveguide.  Really /actually ,  from  cue  comparison  of  expressions  (6,7), 
(6.8)  for  amplitudes  P,  scattered  by  the  step  of  waves  and 
expressions  (9,2)  for  a  ..oupiiny  coefficient  SIM  it  follows  that  P, 
is  obtained  froa  S,,„  by  replacement  under  integral  sign  v(s)  to  the 
height/altitude  of  step  6(s).  Consequently,  at  the  high  frequencies 
of  amplitude  P/  also  they  do  net  depend  on  frequency;  they  are  of 
the  order  6/a.  Do  not  depend  ou  frequency  also  the  total  relative 
energy  losses  on  step,  equal,  according  to  (3.10), 


2 1 


(9.10) 
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where  the  addition  goes  over  ail  those  propagating  waves.  A  number  of 
members  of  sum  (9.10),  true,  increases  with  an  increase  in  the 
frequency,  but  usually  Slm  rapidly  decreases  with  an  increase  in  the 
number  [see,  for  example,  (1b.  1),  (16.2)  ]*  The  large  part  of  the 
energy  is  taken  away  by  waves  with  the  snail  index  (it  is  more 
precise  -  with  number  j,  ny  close  to  m)  ,  row/series  (9.10)  converges 
well  and  its  sum  little  changes  with  a  change  in  the  number  of 
term/component/addends.  The  energy  losses  of  any  wave  in  the 
waveguide  of  arbitrary  section  have  at  high  frequencies  an  order  of 
ratio  62/a2. 

Page  79. 

3.  If  in  any  section  of  irregular  waveguide  eigenvalues  a  of  two 
waves  coincide,  i.e.,  am—a,,  then  m  this  section  coincide  wave 
numbers,  and  denominators  of  expressions  (9.5a)  and  (9.5b)  for 
coupling  coefficients  are  turnec.  into  zero.  Simultaneously  disappear 
the  numerators  of  these  formulas,  and  they  acguire  indefinite  form 
0/0.  This  section  is,  for  example,  in  the  steady  converter  of  wave 
H j 0  in  rectangular  waveguide  into  a  wave  of  the  type  Hol  in  the 
circular  waveguide.  Osually  the  analytical  expressions,  to  which  in 
specific  problems  are  given  formulas  (9.5),  they  do  net  have  the 
indefinite  form  or  indeterminancy/uncertainty  in  them  is  opened  by 
elementary  shape;  however,  we  ail  the  same  will  give  the 
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common/general/total  transformation  of  formula  for  Sim  to  the  form, 
used  also  in  such  special  seer ions. 

For  the  derivation  cf  the  corresponding  formula  from  (9.5a)  we 
Mill  use  two  auxiliary  identities,  which  connect  the  undertaken 
according  to  section  and  on  the  duct/contour  cf  section  integrals  of 
the  membrane  functions  of  magnetic  waves.  These  identities  take  the 
fora 

§Vl~irds  +  a/  $  **  •  VdS  *»•  J  V'VdS  --=  0; 

§vy >m*'ds  J  tVm' •  VdS  J  dS  =  0.  (9. 1  la) 

It  is  easy  to  obtain  them,  differentiating  on  z  of  the  condition  of 
the  orthogonality 

J  V^mvVdS  «  0,  J  V”t|/dS  =  0,  (9. 12) 

converting  result  on  Green's  formula  and  utilizing  the  differential 
equation  and  a  boundary  condition  for  functions  ij>.  Replacing  in 
(9.5a)  contour  integrals  on  (9.11a),  we  will  obtain  for  the  coupling 
coefficients  of  two  magnetic  waves  the  expression 
Sfm  =  ~  VdSj ,  (9. 13a) 

not  having  the  already  indefinite  fora  when  a/~>0. 

Page  80. 

The  analogous  transformation  of  formulas  (9.5fc)  is  based  on  the 
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auxiliary  identities 

&  v  2sL  ds  +  ai  { <?mVdS  +  a*  \  cp r^dS  «  0; 

J  dn  dn .  J  «' 

\(tm'<?'dS  -1-  JtpVdS  =*  0,  (9. lib) 

obtaining  in  the  same  way  as  (9.11a),  from  equation  (3.11).  This 
transformation  is  led  for  tne  coupling  coefficient  of  two  electrical 
waves  to  the  expression 

S,m  =  “  u  (/lma'  *  h,a*m)  5  (9. 13b) 

Formulas  (9.13)  confirm  that  the  coupling  coefficients  can 
become  infinity  only  when  |A;|  —  0.  However,  fcr  specific  calculations 
they  are  considerably  less  convenient,  than  formula  (9.5) ,  since 
contain  derivatives  on  z  of  memfcrane/diaphragm  functions. 

We  will  use  formulas  (9. 13)  in  order  to  connect  between 
themselves  coefficients  F,m  and  Sin.  The  strain  of  waveguide,  which  we 
considered  as  fracture  (Fig.  11) ,  it  is  possible  to  treat  also  as  the 
special  case  of  section  change,  with  which  the  duct/contour  of  the 
waveguide  is  displaced  in  tne  direction  of  x-axis  in  the  distance, 
proportional  to  coordinate  z.  Tnis  waveguide  is  related  to  the  type 
of  the  waveguides  of  alternating/variable  cross  section  with  the 
fracture  of  generatrix,  and  the  amplitudes  of  the  scattered  waves  can 
be  found  from  formula  (8.37),  in  which,  obviously,  will  have  to 
preserve  only  first  ter n/co^ponent/addend.  On  the  other  hand,  these 
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amplitudes,  according  to  (4.6),  are  proportional  Fim.  Thus,  coupling 
coefficients  Fjm  can  be  expressed  oy  the  coupling  coefficients  5im. 
calculated  for  the  special  strain  of  Pig.  11. 


* 


Comparing  formulas  (6.37)  and  (4.5),  we  will  obtain  (with  j/=m) 


Fj,n  = 


—  i  s 


hnx~h 


im 
7  Aft 


(9.14) 


Let  us  calculate  sim  according  to  formulas  (9.13).  Let  us 
introduce  for  this  the  system  of  coordinates  x,  y,  rigidly  circuital 
of  waveguide.  It  is  obvious  that 

x  =  a—  z-AO,  y  =*  IJ.  (9.15) 

Those  leading  in  (9.13)  derivatives  on  z  let  us  replace  with 
derivatives  on  x: 

-  =  -1.  — •=  _A5>A.  (9.16) 

dz  ftx  dz  dx 
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Fig.  11.  Break  of  waveguide  as  change  in  its  section. 


Page  81. 


He  will  begin  with  expression  {9.13a).  It  it  is  possible  to  record  in 


the  fora 


sln =  1^7  {v«  5  *>,m  77  dS  - h"rf  j *'  JS}  *  (<J- 1 J) 


Entering  this  formula  integrals  according  to  section  are  identical 
with  appropriate  by  the  integrals,  determined  in  (7.18),  and  coupling 
coefficient  S,,„  for  this  special  means  of  strain  proves  to  be  equal 


(9.18) 

Zhj 


Substituting  this  in  (9.14),  let  us  find  for  a  coefficient  FJm  the 
expression,  which  coincides  with  (7.20) . 


For  two  electrical  waves,  accordingly  (9.13b)  and  (9.16),  it 


will  be 


Sin,  =  ^  (h„a)  +  hfl  * )  f  cp' 

'  J 


(9.19) 
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Substituting  in  equation  (9.14)  and  using  designation  (7. 18)  ,  we  for 
Fjm  will  obtain  the  expression,  identical  with  (7.21)  . 

Thus  it  would  be  possiole  to  check  expression  (7.22)  for  the 
coupling  coefficient  of  magnetic  and  electrical  wave. 

The  calculation  conducted  only  does  not  serve  as  testing 
formulas  (7.20-7.21),  tut  it  makes  it  possible  also  to  explain,  why 
for  direct  waves  F jm  it  is  more  than  for  reverse/inverse  ones.  From 
this  point  of  view,  the  fracture  is  not  the  elementary,  but  extended 
heterogeneity,  in  which  are  essential  the  phenomena  of  the 
interference  between  the  elementary  parasitic  waves,  which  arose  at 
different  points.  But  in  sucn  heterogeneities,  as  it  was  noted,  the 
amplitudes  of  direct  waves  are  greater  than  the  amplitude  of 
reverse/inverse  ones.  Witn  tnis  is  connected  the  appearance  in  the 
denominator  of  formula  (9.14)  -  and  therefore  even  in  the  denominator 
of  formulas  (/.20-7.21)  -  difference  in  the  wave  numbers. 

Page  82. 

§10.  Calculation  of  the  general  case  of  irregular  waveguide  by  the 
method  of  cross  sections. 


DOC  =  79024305 


PAGE 


j6i 


The  general  view  of  irregularity  lies  in  the  fact  that  the  axis 
of  waveguide  changes  its  direction  and  simultaneously  they  change 
both  properties  of  the  wnich  fills  waveguide  medium  and  form  or 
position  of  cross  section.  From  tne  point  of  view  of  the  theory  of 
small  heterogeneities,  developed  in  the  preceding/previous  chapter, 
the  elementary  heterogeneity  or  general  view  is  composed  of  they  are 
elementary  heterogeneities  of  three  types  to  those  examined  into 
§4-6.  In  a  certain  sense  are  summarized,  as  we  will  see,  and  the 
coupling  coefficients;  necessary  in  this  case  to  bear  in  mind,  that 
the  coefficients  f/«  and  S,m  have  different  different 
dimensionalities:  F,m  is  designed  per  angular  unit,  and  S,m  -  per  the 
unit  of  length. 


1.  Simply  is  analyzed  case  or  rectilinear  tapered  weld  with 
alternating/variable  filling  (e  and  p) ,  since  coupling  coefficients, 
obliged  to  both  heterogeneities,  only  do  not  have  identical  geometric 
nature,  but,  according  tc  two  preceding/previcus  paragraphs,  they 
have  common/general/total  analytical  expression.  In  order  to  find 
formula  for  Siin  in  this  case,  let  us  enter  how  in  §9,  this  tapered 
weld  into  the  larger  waveguide  or  constant  section  let  us  fill  space 
between  the  surfaces  of  waveguides  with  medium  with  parameters  eo.  ho- 
Coupling  coefficient  in  tais  auxiliary  waveguide  is  given  by  formula 
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(8.16).  Howeve  .,  in  contrast  to  the  analogous  integral,  examined  into 
§9,  integrand  not  is  equal  to  zero  not  only  within  narrow  transition 
layer  near  the  boundary  or  material  with  parameters  £o*  Mo*  but  also  on 
entire  plane  of  cross-section  of  initial  waveguide.  Completing  then 
passage  to  the  limit  je0|  —  oo,  we  will  obtain  for  a  coupling 
coefficient  the  sum  of  two  expressions  -  integral  (8.16),  undertaken 
in  cross  section  initial  irregular  waveguide,  and  integral  of  type 
(9.2)  obtained  from  integration  on  transition  layer. 


This  contour  integral  will  differ  from  formula  (9.2),  valid, 
when  within  waveguide  e  --  I,  p. 1,  by  factor  e  with  first  term  of 
integrand  and  by  factor  p  with  two  others  term/conponent/addends. 
This  is  connected  with  the  fact  that  in  (8.21)  into  formulas  for 
E„(n)  and  //"(«)  will  enter  the  additional  factors  e  and  p,  but  in 
(8.20)  e  and  p  on  the  boundary  or  the  region  of  integration  for  n 
different  from  unity.  Formula  (8.22)  of  signs  therefore  the  form 


S/"  “  §*««».-  '1 (£^  -  e£">  - 

-  -  e)  E'n  C  +  (po  -  H)  (HiHT  -  HlH?)  - 

-(£-»), tKuis. 


(10.1) 


where  the  field  they  are  related  to  that  part  of  the  interface  in 
which  the  permeability  have  »?iues  e  and  p. 
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After  passage  to  the  limit  |e|— oj  will  be  obtained  the  formula, 
which  differs  from  (9.2)  oy  the  mentioned  cofactors  under  integral. 

Thus,  coupling  coefficient  will  prove  to  be  consisting  of  two 
term/component/addends ,  ooligeds  with  respect  to  a  change  in  the 
section  and  to  a  change  in  the  filling.  Since  usually  irregular 
filling  is  realized  in  the  fora  of  certain  dielectric  body  with  sharp 
interface,  introduced  into  waveguide,  then  for  that  part  of  the 
coupling  coefficient,  that  depends  on  irregular  filling,  it  is  also 
expedient  to  use  formula  (8.z2) .  In  order  not  to  coaplicate 
recording,  we  let  us  assume  that  ru  dielectric  body  |,  but  p=1, 
but  between  the  boundary  of  uieiectric  and  metallic  walls  of 
vaveguide  e  -  1,  p=l.  Then  total  coupling  coefficient  is  equal  to 

s"--snsF*3-{$  v<s><««'+ 

-  WH?)  (is  +  £  V  (s)  [(e  —  I)  (EiE?  -  £*£?)  - 

—  (-^ —  l)  £„£„'] t/s}  .  (10.2) 

The  functions  v(s),  which  stand  in  both  integrals,  are  different; 
in  the  first  integral  v(s)  is  determined  the  slope/inclination  of 
generatrix  of  metal  the  secondly  -  slope/inclination  of  the  forming 
dielectric  insert,  fields  are  undertaken  on  that  side  of  the 
interface  on  which  e=l,  p  =  l.  It  is  easy  to  write  also  more  general 
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formula  for  that  case  when  in  the  material  of  insert  is  different 
from  zero  also  magnetic  permeability,  but  in  the  medium,  which  fills 
space  between  the  walls  of  waveguide  and  insert,  e^l,  p  -  1. 

Formula  (10.2)  is  the  mathematical  basis  of  the  calculation  of 
the  compensating  dielectric  lenses  in  rectilinear  waveguides  and  it 
will  be  used  into  §18. 

2.  Coupling  coefficient  for  neterogeneity,  examined  in 
preceding/previous  point/item,  alternating/variable  section  and 
alternating/variable  filling  -  could  be  in  general  form  is 
immediately  recorded  in  tne  form  or  one  formula  (8.6)  .  In  this  case, 
it  should  be  implied  that  surface  integral  in  (8.6)  contains  also  the 
contour  integral  on  the  duct/contours  of  the  disruptions  on  which  the 
integrands  have  special  reature/peculiarities.  This  representation  is 
inconvenient  for  concrete/specxf xc/actual  calculations,  but 
subsequently  the  examination  of  the  bent  waveguides,  it  will 
facilitate  to  us  total  analysis. 

Let  us  examine  the  bent  waveguide  with  heterogeneous  filling. 
Repeating  the  considerations  or  last/latter  pcint/item,  we  will  be 
restricted  first  to  the  waveguide  of  constant  section  with 
heterogeneous  filling.  let  us  begin  from  bending  according  to 
circular  arc. 


WMUKwmv. 
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We  should  it  will  be  repeat  formal  calculations  §7,  after  considering 
that  now  fields  E1,  H‘  depend  on  anyle  8,  since  on  the  position  of 
section  8=const  it  depends  water  of  functions  e(*.y).  ja(x,  i/)  in  the 
regular  waveguides  cf  comparison. 


Let  us  introduce  expansions  ( •' .  3 )  ,  (7.6)  into  four  equations  of 

Maxwell  (7.70.  Together  (7.8)  we  will  obtain  the  more  complex 
formulas: 

P'*E'X  «  —  PvEz  -  iPJi&r  —  PyEx'; 

PVITX  =  —  PyH't  — 1 PJiyHir  -  PJl?] 

(10.3) 

PyE*  =  —  iPyhyEvur  —  Pytf; 

PyHl  =  —  iPyhytiy  —  PyHf. 

Here  and  everywhere  in  this  paragraph  prime,  as  into  §7,  it  indicates 
derivative  according  tc  angle  8.  Utilizing  further  a  condition  of 
orthogonality  for  isolation/lioeration  by  to  the  left  derived  P],  we 
will  obtain 

Pj  —  (Fjy  -)-  7/v)  Pf  (10,4) 

Here  Flm  there  is  the  sane  coefficient  (4.7),  and  through  T,m  are 
designated  values 

r,m  =  Vh,  $  {E*H"  ~  E'»fl7  +  (10.5) 


m 


~  «* 
In 

gfe.  '-is 


In  contrast  to  (8.6) ,  in  (10.5)  unaer  integral  will  cost  the 
derivatives  on  d. 

Equation  (10.4)  occurs  for  ail  values  of  j.  Therefore  (10.4)  it 
is  the  unknown  system  of  the  differential  equations,  which  describe 
field  in  the  irregular  waveguide  or  general  view.  End  conditions  for 
system  (10.4)  coincide  with  (7.10). 

Applying  the  same  metaod,  as  during  conclusion/derivation 
(7.14),  is  easy  to  show  taat  for  a  aatrix/die  in  (10-4)  from 
reciprocity  theorem  escape/ensues  the  condition 
*/  (Fw.  -m  +  +  hm  (Fm/  4-  Tm])  =  0.  ( 10.6) 

This  relationship/ratio  can  oe,  it  goes  without  saying,  it  is 
obtained  simply  from  relationship/ratios  (7.14)  and  (8.10),  which 
remain  valid  for  each  cf  two  addend  total  coupling  coefficient  in 
(10.4) . 

Page  85. 

Coefficient  F/m  can  be  again  recorded  in  symmetrical  form 
(7.16),  but  further  transformation  to  form  (7. 20)  -  (7. 22)  is 
impossible,  since  in  the  regular  waveguides  of  the  comparison  of  our 


■t!r 

w 

N 


$ 
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■f 
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problem  -  waveguides  with  heterogeneous  of  section  dielectric  filling 
-  fields,  as  a  rule,  are  not  expressed  as  memfctane/diaphragm 
functions. 

We  will  not  transform  coefficient  T,m  (10.5)  to  the  form, 
analogous  (8.16),  although  this  transfor mation  allows,  as  we  saw,  to 
obtain  convenient  expressions  for  a  coupling  coefficient  in  waveguide 
with  sharp  interfaces  and  with  alternating/vatiable  section.  In 
general  form  the  obtained  formulas  are  very  bulky.  We  will  be 
restricted  to  the  transformation  which  can  be  produced  when  the 
radius  of  curvature  is  great  on  tne  cross  section  with  the  linear 
dimensions  of  cross  section.  Bearing  in  mind  that  d/d«=rd/dz,  it  is 
possible  in  Tim  to  remove  with  this  certain  average/mean  value  of  r 
as  integral  sign.  Then 

T/m  ■-=  rSim,  <10-7) 

where  S,m  given  in  (8.6)  can  be  recorded  in  the  form  (8.16).  Now  we 
can  remove/take  limitation  -  constancy  of  section,  superimposed  in 
the  beginning  of  t'  is  point/iteai.  Further  transition  to  discontinuous 
distribution  e  and  p,  to  tapered  welds  and  general  case  of  tapered 
weld  with  altern- t ing/varxable  filling  is  conducted  in  the  same  way 
as  it  is  above,  and  it  le  as  for  S/m  in  (10.7)  to  formulas  (8.22)  or 
(10.2)  . 


Let  us  pass  further  to  variables  />/(#),  for  which  the  ii-,trix/die 
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of  equations  does  not  contain  diagonal  terns-  He  will  be  restricted 
again  to  the  conditions,  under  which  it  is  correct  (10.7) .  According 
to  the  determination  of  the  radius  of  curvature  of  break.  (7.25)  and 
relationship/ratios  (8.9)  and  (10.7),  the  diagonal  members  of  the 
matrix/die  of  system  (10.4)  take  toe  form 

F„  «  -  irhj,  T,j  =  -  rh,l2ht.  (10.8) 

For  simplicity  of  recording  here  it  is  below  placed,  that  the  radii 
of  curvature  (7.25)  for  ail  waves  are  equal  to  each  other.  Taking 
into  account  (10-8),  we  will  ohtain  that  variables  P,(®)  must  be 


determined  analogous 


(8.29)  by  the  equalities 


pi(0)  =]/ KJolP/(0)e  T' ==  rJ h'd9'  (l09> 


System  of  equations  for  tnese  variables  will  be  analogous  (8.30) 


m  (♦>-]/ *; 


v(0)/f  j. ro  n I.  a. 

uoj  +  rS^>  y  hv  (e) !K  ( 1  a,v)  e 

•  »  A 


(10.10) 
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Now  it  is  easy  to  pass  to  bending  with  a  variable  radius  of 
curvature  of  r.  For  this,  as  into  $7,  it  is  necessary  as  the 
independent  variable  to  accept  instead  of  the  angle  3  the  arc  length 
7,  calculated  along  the  bent  waveguide.  In  this  variable  the  system 
of  equations  (10.10)  of  signs  tne  form 


dP, (0  ./MO)/!,  ,  0  '\-,/hAr>  n  a 

+M1/  S7(0)(I —»«><• 


(10.11) 
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value  r /  will  become  egual  to  phase  change  at  length  £ 


T,  “  j  thdl- 


(10.12) 


To  system  (10.11)  it  is  the  unknown  generalization  of  systems 
(7.32)  for  the  bent  waveguide  or  constant  section  and  (8.30)  for  a 
rectilinear  irregular  waveguide.  In  the  first  of  them,  it  passes  when 
M0 82 fy(0)» £/*»(/) S3 0,  the  secondly  -  with  r  •.  End  condition  for  system 
(10.11),  according  to  (7.10)  and  accepted  in  (10.9)  standardization, 
coincides  with  (8.31). 


System  (10.11),  (8.31)  toyetner  with  the  given  above  different 

expressions  for  coupling  coefficients  describes  field  in  the  most 
general  case  of  irregularity  in  waveguide.  Its  application/use  in  the 
case  of  loose  coupling  leads  to  tne  same  in  accuracy  results,  as  for 
system  (8.30),  which  descrioes  field  in  rectilinear  waveguide.  If  in 
entire  irregular  section  the  amplitude  of  the  incident  wave  is  much 
more  than  the  amplitudes  of  other  waves,  i.e.,  is  applicable 
approach/approxiiaation  (b.32)  ,  then  the  amplitudes  of  all  parasitic 
waves  ace  given  by  formula  (8.3 4),  in  which,  however,  coupling 
coefficient  S/m  must  be  replaced  by  the  diagram 


3/m  ~ */m 


P 

C.  I  lfTl 

^»/m  r  ~ 


(10.13) 


If  are  realized  the  conditions  by  which  the  amplitudes  of 
parasitic  waves  can  be  expressed  by  binomial  formula  (8.37),  then  the 
same  formula  will  be  valid,  also,  m  the  general  case  in  question,  if 
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we  in  (8.37)  replace  (10.13).  In  other  words,  the  supplementary  field 
distortion,  caused  by  bending,  can  be  examined  formally  by  the  same 
apparatus,  as  the  effect  of  tne  irregularities,  which  do  not  change 
the  direction  of  axis,  if  we  consider  that  the  bending  introduces  the 
additional  constraint,  characterized  by  coupling  coefficient  FnJr. 

Page  87. 

i 

This  additivity  of  the  results,  wnich  relate  to  the  irregularities  of 
different  types,  is  strictly  valid  only  under  the  conditions  when  it 
is  correct  (10.7).  For  bendings  with  small  radius  of  the  curvature 
when  (10.7)  is  not  a  place,  coefficient  T,n  also  can  be,  as  we 
already  noted,  was  converted  to  the  form,  analogous  (10.7),  with 
specific  by  value  r,  but  in  this  case,  Tim/r  will  be  excellent  from 
(8.6).  In  other  words,  bending  will  not  only  introduce  second  term  in 
(10.13),  but  change  the  first,  so  that  the  coupling  coefficient, 
obliged,  for  example,  tc  section  change,  will  be  in  the  bent 
waveguide  somewhat  different,  than  in  rectilinear.  We  will  not  give 
the  appropriate  formulas,  in  the  first  place,  because  they  are 
sufficiently  bulky,  but  mainly  because  the  most  interesting  results 
are  obtained  usually  fcr  a  loose  coupling  or,  in  any  case,  for  large 
radii  of  curvature,  when  it  is  applicable  (10.7)and,  consequently, 
also  (10.13)  . 
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It  goes  without  saying,  during  the  impositions  of  small 
heterogeneities,  the  coupling  coefficients  are  also  additive.  There 
this  is  simply  the  result  of  the  common/general/total  additivity  law 
of  the  slight  disturbances.  The  amplitudes  of  the  parasitic  waves, 
which  arose  in  the  irregular  section  by  length  Az,  on  which 
simultaneously  occurs  the  fracture  to  angle  AS  and  change  in  the 
properties,  described  by  matnx/die  S,„„  are  equal,  according  to 
(4.6),  (5.13) 

F,m&0  -r  SjnAz.  (10.14) 

The  main  result  of  tnis  poinr/item  is  formula  (10.13)  and 
explanation  of  the  conditions  for  its  applicability.  This  formula 
together  with  (10.2)  can  be  placed  as  the  basis  of  the  mathematical 
analysis  of  the  work  of  eguipaent/devices,  in  which  is  utilized  the 
effect  of  the  mutual  compensation  for  the  heterogeneities  of 
different  types. 

For  the  fundamental  types  of  irregular  waveguide  and  for  common 
type  irregular  waveguide  are  estanlish/installed  the  systems  of 
differential  equations  for  wave  amplitudes,  are  found  different 
expressions  of  the  coupling  coefficients,  obliged  to  different 
irregularities,  is  estaclisii/installed  their  additivity.  In  the  loose 
coupling  when  the  properties  of  waveguide  are  changed  along  waveguide 
slowly,  is  found  expression  for  the  amplitudes  of  parasitic  waves  in 
the  form  of  the  integral,  undertaken  along  irregular  section.  In 
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certain  cases  there  are  explicit.  expressions  for  these  amplitudes 
into  which  enter  only  the  values  of  the  parameters,  which  relate  to 
the  end/leads  of  the  irregular  section. 
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Chapter  III. 

CRITICAL  SECTIONS.  Resonance  frequencies. 

If  the  properties  cf  waveguiae  are  changed  slowly,  then  coupling 
coefficients  are,  generally  speamng,  low  values,  systems  of 
equations  (7.9)  and  (8.5)  are  reduced  for  each  parasitic  wave  to  one 
equation  (if  there  is  nc  degeneration)  and  the  solutions  they  take 
fora  (7.35),  (8.34)  cr  with  respect  (7.37).  If,  however,  propagation 
constant  h,  is  low  cr  eguai  to  zero,  then  even  during  a  slow  change 
in  the  parameters  for  very  small  va  and  a/r  value  S/m  and  F,„/r  they 
will  not  be  small.  For  the  rectilinear  waveguides  in  which  h,  is 
different  in  different  sections,  I  could  exist  the  so-called  critical 
sections  in  which  at  this  freguency  h,~0.  Near  these  sections  |  h,\ 
it  will  be  little.  For  the  Pent  waveguides  cf  constant  section  |h/| 
there  can  be  little  only  in  narrow  frequency  range,  near  that  of  the 
called  resonance  frequency  at  wnica  h,  =  Q.  In  this  chapter  will  be 
examined  the  special  conditions  which  appear  in  the  presence  of 
critical  section  or  near  resonance  frequency. 
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§11.  Reflection  and  the  passage  of  wave  in  the  presence  of  critical 
section. 

1.  In  any  section  z=z  (ay  the  sign  ~  let  us  supply  values,  which 
relate  to  critical  section)  for  certain  j  eigenvalue  is  equal  to  wave 
number  in  free  space  a,-k,  so  that  h,(?)~  0;  then  for  all  or  almost 
all  ■  coefficients  S,m  are  turned  with  z=z  into  infinity,  and  near 
z--=z  S,m  ace  taken  high  values.  In  equations  for  pt  and  />_,  system 
(8.5)  entire  or  almost  all  coefticients  go  to  infinity,  and  solution 
(8.34)  becomes  inaccurate. 

Page  89. 

The  incident  wave  is  reflected  from  critical  section,  which  from 
a  mathematical  point  of  view  indicates  the  clcse  coupling  between 
direct/straight  and  backward  waves.  Near  critical  section  the 
separation  of  field  in  the  field  oi  direct/straight  and  backward 
waves  does  not  correspond  to  the  physical  picture  of  phenomenon  and 
becomes  inconvenient  fcr  calculations. 

Amplitudes  P,  really/actually  can  become  any  section  into 
infinity,  since  final  must  be  full  of  field  E,  H,  but  not  individual 


1 
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terms  in  expansions  (8.2),  (8.3)  these  fields  into  the  fields  of 
waves  of  both  of  directions.  Let  us  return  tc  variables  Qh  pt , 
connected  with  p.  and  pH  relationship/ratios  (7.2).  From  the  form 
of  row/series  (8.1)  it  follows  that,  for  example,  for  the  magnetic 
waves  for  which,  according  to  (3.14),  in  critical  section 

=  H{  --  0,  the  coefficient  Rt  into  critical  section  can  become 
infinity,  and  coefficient  Q;  it  must  everywhere  remain  final. 
Therefore  in  the  critical  section  of  amplitude  P,  and  p_;  for 
magnetic  waves,  they  can  go  to  infinity,  but  in  such  a  way  that  their 
difference  Q/  would  be  final.  Accurately  the  sane,  for  electrical 
waves  P,  and  />_/  they  can  go  to  infinity,  but  their  sum  /?,  must 
remain  final. 

Variables  Q/(?),  R,(z)  satisfy  the  system  cf  the  differential 
equations 

„  Oo 

Qr\-  HhR,  «  ^  Qm  (Sjm  —  £_/„);  (ll.la) 

m=i 

»  00 

Ri  *»  ihiQi  -  2  (Sim  4-  S_/m),  (11.1b) 

m-Ti 

which  it  is  easy  to  obtain  from  .guations  (8.5)  for  variables  Pj(z) 
and  from  (7.2).  However,  for  our  purposes  system  (11.1)  is  not 
directly  used;  in  order  to  utilize  it,  for  example,  for  the  magnetic 
wave  of  number  j,  it  was  necessary  to  still  find  the  limit  of  product 
h,R,  near  critical  section.  Let  us  pass  therefore  to  the  systems  of 
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equations  of  the  second  order.  Differentiating  equations  (11.1)  for 
z,  we  will  obtain  the  system 

Qi  4-  h)Qj  -  —i  2  R,n  {hj (Sjn  4  S-tm)  4 

m= 1 

+  Am  (S/m  -  S_/m))  (1  -  fl/m)  i-  2  Qm  (Sin  -  S_/m)'  + 

m*ai 

to 

Q*  (5/m  S-/m)  (5'm^  —  ( 1 1  %2a) 

oo 

R'  +  h'jR,  =  -  i  £  Qm  [hj  (S,„  -  S  ,im)  4 


4"  hi n  (Sjn  4*  S~/m)}  (1  Ayni)  4  Rm  (Sjm  4  S—jm)' 

m-i 

O) 

X>l  Rq(Sjm  4"  S...i,n)(Smii  4  S-mQ).  (  1  1.2b) 


m.«= 1 


Page  90, 

In  contrast  to  equations  (11.1),  the  eguation  for  Q,  system 
(11.2)  does  not  contain  variaole  Rit  and  equation  for  R,  does  not 
contain  Qf.  Their  essential  deficiency/lack  -  appearance  in  the*  of 
derivatives  of  coupling  coefficients.  Near  the  fracture  of 
generatrices  and  generally  in  the  regions  where  v(s,z)  very  is  rapid 
varies,  these  products  are  great,  and  the  application/use  of  systems 
(11.2)  leads  to  serious  complications. 

Therefore  we  below  will  limit  the  field  of  waveguide  in  which 


Mm 


i 
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for  describing  the  field  are  utilized  second  erder  equations,  by 


vicinity  of  critical  section. 


Coupling  coefficients  Sjm  possess  the  following  properties:  if 


the  wave  of  number  j  is  a  magnetic  wave,  then  for  any  wave  of  number 


of  value 


Sjm —  S—jmi  h)  (Sjm  *f"  S—jm) 


<11.3) 


they  are  regular  when  h{  —  0  and,  furthermore,  is  not  contained  the 


first  degree  hi,  so  that  all  derivatives  these  values  are  also 


regular  when  hj—  0;  if  the  wave  cl  uumber  j  is  an  electrical  wave. 


then  together  with  all  their  derivatives  they  are  regular  with  any  m 


in  the  critical  section  cl  value 


Sjm  T  S—jntt  fl/  (Sjm  S-jm)- 


(11.4) 


This  property  it  is  easy  to  demonstrate,  after  calculating  values 


(11.3)  (11.4)  according  to  ioraulas  (9.5). 


The  combinations  cf  coupling  coefficients  (11.3)  and  (11.4)  are 


coefficients  in  equations  (11.2). 


Thus,  for  magnetic  waves  right  side  (11.2a)  is  regular 


everywhere,  including  the  vicinity  of  critical  section,  and  fer 


electrical  waves  right  sides  has  no  special  features 


(11.2b)  . 


_  |j 
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Now  we  can  write  the  equations  of  the  first  for  v„  order,  valid 

everywhere,  including  vicinity  of  the  critical  section: 

Qi  +  VQi  =  G„  =  -  iRm  (h,  (Sim 4-  .S'_;m)  + 

+  hm {Sjm  —  S-,m)  ( 1  —  6m/);  (1 1.5a) 

1*1^1  —  Gt,  G,  =  iQm  {hj  (Sjm  —  S_/m)  -}• 

+  hm  ( Sjm  +  S..jm))  (1  — flm;).  ( 1  l.5b) 

Equation  (11.5a)  describes  aaynetic  waves,  (11.5b)  -  electrical.  In 
(11.5),  are  reject/thrown  teru/coaponent/addends  of  order  vj  and  of 
derivative  v';  reject/thrown  ter a/component/addends  do  not  have 
special  feature/peculiarities  near  critical  section. 

2.  In  this  paragraph  we  will  examine  only  field  of  incident 
wave,  after  supposing  that  in  critical  section  is  turned  into  zero 
wave  number  hm  of  precisely  this  wave.  Us  it  will  first  of  all 
interest  the  case  when  critical  section  is  close  at  the  beginning  of 
narrow  waveguide. 

Parasitic  waves,  created  oy  tne  incident  wave,  it  would  be 
possible  then  to  determine  by  the  method,  developed  in  the 
preneding/previous  chapter,  substituting  in  formulas  of  type  (8.30) 
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for  (d. 32)  the  solution,  found  in  this  paragraph,  conditions,  that 
appear  if  the  critical  cross  section  will  be  net  for  falling,  but  for 
a  parasitic  wave,  require  independent  examination  which  will  be 
produced  in  the  following  paragraph. 

Let  us  examine  the  becoming  narrow  waveguide;  near  critical 
section  the  derivative  ox  wave  number  in  this  waveguide  is  negative, 
hm<0.  Wave  falls  from  the  side  of  wide  waveguide.  Let  for  certainty 
it  belong  to  magnetic  type,  so  that  it  is  alternating/variable  Qm{:) 
it  is  everywhere  final.  Its  field  we  will  find  from  equation  (11.5a) 

Qm-rhlQ„=  0  (11.6) 

and  eguations  (11.1a),  in  whxcn  to  the  right  it  is  also  necessary  to 
retain  only  one  term/ccaponent/addend: 

Qm  4*  ih,nRm  —  Qm  ( Smin  —  S—mm).  (11 .7) 

The  rejected  terms  in  (11.7),  as  in  (11.6)  they  are  despite  all  z 
smalls  of  the  second  order. 

Pages  92-93  missing  from  original  copy. 
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Coefficient  in  (11.18)  -  a  large  number,  since  v~*'3 ^  1. 
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Solution  (11.16)  is  correct  in  the  region  in  which  it  is 
possible  to  use  expansion  (11.11),  approximately  when  hzm^\,  when 
!'!<£ -4_=/3- This  region  overlaps  with  the  region  where  is  satisfied  the 
condition  (11.10),  which  can  oe  recorded  in  the  fora  Therefore 

(11.16)  nust  with  t>>1  pass  into  the  solutions,  obtained  in  the 
approach/approximation  cf  geometric  optics.  Keeping  in  wind  this 
fact,  we  will  use  solution  (11.16)  in  order  to  establish/install  the 
conmunication/connecticn  between  pm  and  p_m  on  the  boundary  of 
region  (11.10).  This  ccmoumcation/connection  can  be  considered  as 
the  end  condition,  equivalent  to  the  presence  cf  critical  section  and 
arranged/located  after  it  narrow  waveguide.  The  use  of  this 
equivalent  end  condition  will  a axe  it  possible  to  be  restricted  below 
to  the  examination  of  the  region,  distant  frcx  critical  section. 
Analogous  idea  was  proposed  oy  L.  n.  Brekhovskiy  and  I.  D.  Ivanov  in 
[84]  for  another  problem,  reducing  to  the  same  equation  (11.6). 

If  critical  section  is  found  at  the  end  of  the  transition  of 
''that  smoothed",  i.e.,  where  v—0,  then  h'm(z)-—  0,  and  expansion  (11.11) 
begins  from  higher  degree  (2-2).  The  solution  is  expressed  in  this 
case  not  through  Ai>  y*s  functions,  but  through  ether  special 
functions,  for  exaaple  through  the  cylindrical  functions  whose  order 
in  a  known  manner  is  connected  with  the  order  of  degree  (z-z) ;  the 
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general  »ethod  of  calculation  remains  in  this  case  is  valid.  If 
hm(z)  although  not  is  equal  to  zero,  it  is  very  small,  then  in 
(11.11)  it  is  necessary  to  retain  two  members. 


Lelow  we  will  assume  that  hm(z)=fc0  and  that  it  is  possible  to  be 
restricted  to  expansion  (11.11).  Therefore  seme  of  that  obtained  are 

below  in  this  paragraph  of  results,  namely  those  results,  which  are 

|2-1| 

related  to  the  case  when  distance  A  is  small  or  certainly,  they  are 
valid  only  under  the  supplementary  assumption  that  coupling  ir  ular 
waveguide,  with  narrow  waveguide  is  not  smoothed. 


4.  Let  us  begin  from  determination  of  reflection  coefficient  for 
case  when  wave  does  not  penetrate  narrow  waveguide  (Fig.  12) . 
Reflection  coefficient  in  moQuie/mocilus  is  egual  in  this  case  to 
one;  let  us  search  for  its  paase.  let  us  introduce  variable  6  (z) , 


after  determining  by  its  condition 

P-nJP,„  --  c'\ 


(11.19) 
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The  unknown  phase  of  the  wave  reflected  at  input  is  a  value  6  of 
z=0,  6(0).  It  is  easy  to  snow  that,  according  to  equations  (8.5),  in 
which  it  is  necessary  to  preserve  only  terms,  which  contain  Pm  and 


P..m,  6  satisfies  the  nonlinear  equation 


6  '  —  2 h  —  2 S-m„ sin  6  —  0. 


(11.20) 
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In  the  region  of  the  applicability  of  geometric  optics  during 
satisfaction  of  condition  (11.10)  third  term/component/addend  in 
(11.20)  is  small  and  it  it  is  possible  to  reject/throw;  integral  of 
this  value  to  interval  is  also  low,  since  it  contains  the  oscillatory 
factor.  In  order  to  determine  6(0)  from  obtained  in  this  case 
equation 

6'  — 2/i-0,  (11.21) 

one  should  still  find  end  condition  for  6.  This  can  be  made,  after 
calculating  ratio/relation  P„JP  w  near  boundary  cf  the  region  (11.10) 
according  to  (11.8)  and  general  solution  (11.16).  Simple  calculation 

91VeS  -I-  it1*  -I-  B) «)  +  ~  [i>  +  (<l/z  +  B)  c] 

e,n  = - 'H - f  /j  j,22) 

[«  + '(- (,/J  -t  B )  :i)  +  ■ ~ \v +  (-  tlli  +  B)  v) 

M 

also,  in  it  to  substitute  expression  (11.17)  for  ratio  N/B. 

In  order  to  find  eguivalent  end  condition  for  equation  (11.21), 
it  is  necessary  in  (11.22)  to  assume  t>>1.  In  the  which  interests  us 
region  z<z,  the  variable  t  is  neyative,  and  one  should  utilize 
asymptotic  formulas  for  u(t)  and  V  (t)  at  the  high  negative  values  of 
t.  After  producing  the  appropriate  computations,  let  us  find  the 


»  .  j 
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asymptotic  value  of  function  6,  i.e.,  leading  terms  in  expansion  6 
(11.22)  according  to  the  re  verse/inverse  degrees  ofjtj: 


6 - 2a  -}*  6q. 


(11.23) 


I  1 


5 
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Fig.  12.  Critical  section  in  tapered  weld. 
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Here  60  -  constant,  i.e.,  not  uepending  on  t  value,  determined  by  the 
equat ion 


e>6,  „  jtf/M  -  i 

N/M  +  i  ' 


(11.24) 


and  a  -  value,  entering  asymptotic  formulae  fcr  Airy's  functions  at 
the  high  negative  value  cf  argument  and  egual  to 

«-“(-0*/s  +  */4.  (11.25) 


Function  (11.23)  satisfies,  as  it  is  easy  to  check,  equation 
(11.21).  The  unknown  solution  this  equetion,  which  converts  into 
complete  solution  (11.2i),  must  auring  approach/approximation  to 
critical  section  pass  into  solution  (11.23).  With  the  formal 
substitution  t=0,  this  solution  takes  value  60-ir/2.  This  value  is  the 
equivalent  end  condition  for  equation  (11.21),  which  must  satisfy  the 
solution  of  this  equation  m  oruer  in  the  region,  which  adjoins  the 


i 
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critical  section,  to  pass  into  solution  (11.16). 

Thus,  t.he  solution  cf  equation  (11.20)  in  that  interesting  us 
region  exists 

2 

6(z)~2  ^hm  ( z )  dz  -  n/2  -\-  60  (11 .26) 

2 

and  the  unknown  phase  of  reflection  coefficient  is  equal  «.) 

6  (6)  —  2ym  —  n/2  -j-  60.  (11 .27) 

The  physical  sense  of  first  term  is  evident  -  this  is  phase 
change  with  the  passage  of  wave  from  z=0  to  critical  section  and  vice 
versa,  calculated  in  the  approach/approximaticn  of  geometric  optics. 
It  it  is  easy  to  find  for  any  conccete/specif ic/actual  form  of  the 
dependence  of  eigenvalue  from  tne  position  of  section,  i.e.,  for  any 
function  a„(z).  For  example,  for  a  cone  value  l/tx,n  is  a  linear 
function  from  z 

_ ! —  =  — ? - Lz>  e  =  const,  C>0,  (1.1.28) 

“m(*>  am(°)  C 

and  simple  lining/calculations  give 

U  lf\\ 

Vm  =  C(g  'arc  tg  g);  g  .  (H-29) 

Value  of  60  in  (11,27)  depends  on  the  distance  between  the 
critical  section  and  the  beginning  of  narrow  waveguide.  According  to 
C 1 1^24)  and  (11.17),  50  depends  on  the  difference  in  the 
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frequencies,  which  is  determining  the  parameter  4  (11.18) 
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It  gives  the  correction  to  tne  phase  of  the  wave  reflected,  connected 
with  the  presence  of  narrow  waveguide.  Although  on  narrow  waveguide 
energy  not  propagated,  field  exists  also  in  region  z>z,  exponentially 
decreasing  during  removal  from  critical  section,  and  the  structure  of 
waveguide  in  this  region  affects  the  phase  of  reflected  wave.  The 
effect  of  narrow  waveguide,  however,  is  noticeable  only  with  final 
ones  4;  when  4>i,  but  virtually  already  when  4~l,60  is  very 
small,  and  the  phase  of  reflected  wave  differs  from  the  phase, 
calculated  in  the  apprcach/approximation  of  geometric  optics,  in 
terms  of  constant  term  -  jr/2.  In  this  field  seemingly  completely  it 
does  not  reach  the  beginning  of  narrow  waveguide.  Let  us  note  that  in 
the  problem,  of  a  normal  incidence  in  the  electromagnetic  wave  on  the 
ionosphere  and  in  the  row/series  of  other  problems,  which  are  reduced 
t''  the  same  equation  (11.6)  under  condition  (11.11),  it  appears,  as 
is  known,  the  same  in  vaiue  supplementary  phase  shift. 


fhe  precise  form  of  tne  function  60(4)  depends,  according  to 
(11.24)  and  (11.17),  on  the  type  of  wave  and  character  of  waveguide. 
Figure  13  value  -60  depicts  m  tne  form  of  function  from  4  for 
waves  //  in  circular  waveguide.  For  these  waves,  according  to  (9_.4), 
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(9.5)  ,  S—m,m  ~ Smmi  and  addend  B  in  (11.17)  is  absent.  However,  this 
tera/coaponent/addend  is  substantial  only  fcr  very  small  ones  4,  and 
the  curve  of  Pig.  13  for  4  >  0.4-0. 5  correctly  transmits  dependence 
-  of  60  on  4  for  all  waves. 

The  determination  of  the  phase  of  reflection  coefficient  for 
electrical  waves  is  conducted  ny  tne  same  in  accuracy  diagram,  he 
will  not  give  these  confutations,  let  us  note  only,  that  when  4>I 
the  reflection  coefficient  for  electrical  waves  has  a  phase  —  2ym 
♦*/2.  This  saae  result  will  ne  obtained  in  the  next  paragraph.  It 
will  be  there  shown,  that  wnen  tL  > 1  the  phase  of  the  coefficient  of 
reflection  of  magnetic  waves  is  egual  to  _2~w  —  n/2,  as  this  is 
obtained  from  (11.27),  even  it  the  beginning  of  narrow  waveguide 
lie/restc  so/such  far  frca  critical  section,  that  the  application/use 
of  expansion  (11.11)  with  z=L,  produced  is  above,  it  is  already 
illegal. 


mMr-Y’Tiit  -—i' 


as 
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Fig.  13.  Correction  to  the  phase  o £  reflection  coefficient,  caused  by 
the  effect  of  narrow  waveguide. 

Page  98. 

5.  Let  us  now  move  cn  to  determination  of  reflection  coefficient 
for  case  when  wave  penetrates  narrow  waveguide,  so  that  h*m 
everywhere  is  positive  (&><xm(f))  and,  strictly  speaking,  there  is  no 
critical  section,  but  value  of  difference  k  —  ain(L)  and  of  wave  number 
in  narrow  waveguide  is  very  small  (h„,  « 1) ,  sc  that  coupling 
coefficients  near  beginning  of  narrow  waveguide  are  high  values.  In 
this  case,  the  reflecticn  coefficient  can  accept  the  values  of  the 
or^er  of  one.  To  this  case  also  it  is  possible  to  use  developed  above 
apparatus;  it  is  necessary  to  only  consider  that  the  critical  section 
is  found  on  the  continuation  of  irregular  waveguide  (Pig.  14),  i.e.. 


that  z>L 
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Let  as  introduce  new  variable  p  {z)  ■=  P-n,{Pm.e-'-‘v*.  It  satisfies,  as 
it  is  easy  to  check,  the  equation  of  Riccati 

P'  -  -  S-wT*1  ( 1  -  pV'1"').  (1 1.30) 

If  |/tj  is  great,  then,  as  we  sill  see  below,  for  all  jp|<<1  in 
(11.30)  it  is  possible  to  reject/throw  last/latter 
term/component/addend,  and  tne  coefficient  of  reflection  p  (0)  is 
equal  to 

L 

P  (0)  =  —  j  dz.  (11.31) 

0 

This  solution,  it  goes  without  saying,  coincides  with  solution  (8.34) 
(for  j=-m) ,  which  it  is  possiole  to  use,  if  or  entire  transition  is 
correct  the  approach/approxmatioa  of  geometric  optics. 

Formula  (11.31)  gives  for  p(Q)  the  low  value  of  order 
Heanwhile  from  equation  (11.30)  xn  zero- order  for  series  expansion 
parameter  it  follows  only  p*(z)=0.  Therefore,  in  p (z)  can  participate 
also  constant  add/composed,  whicn  nas,  generally  speaking,  zero 
order.  In  (11.31)  this  term/component/addend  no,  but,  as  we  now  will 
show,  with  small  or  final  ones  ( 1*^ (  it  proves  to  be  essential.  The 
value  of  this  constant  term/component/addend  cne  should  search  for  in 
the  same  way  as  in  the  preceuing/previous  pcint/item  searched  for 


ft#***’** 
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equivalent  boundary  condition  for  equation  (11.21).  it  is  necessary 
to  write  explicit  expression  for  p  (z)  through  functions  u(t)  and  to 
the  v  (t)  ,  analogous  complete  expression  for  6  (z)  (11.22),  and  in  this 

expression  to  pass  to  large  negative  t.  This  there  will  be  value  p  (z) 
in  the  region,  cosmon/genarai/totdl  for  (11.10)  and  (11.11).  Value 
this,  such  as  to  check,  does  not  depend  on  z,  has  zero  order  on  v9 
and,  according  to  preceding/pre wious,  it  is  retained  in  entire  region 
(11.10),  including  z=0.  Using  ooviously  the  ccnununication/connection 
between  p(z)  and  6(z)  and  formulas  (11.23),  (11.24),  we  will  obtain 
for  this  constant  term/ccuponent/addend ,  which  «e  will  designate  p0. 


DOC  =  79024306 


PAGE  VJT,  / 

/t« 


Fig.  14.  "critical  section"  in  narrow  regular  waveguide. 

Page  99. 

Hatio  N/M  is  found  in  (11.17);  in  contrast  to  the  preceding/previous 
point/item  the  entering  it  value  tL  is  negative. 

The  character  of  dependence  of  p0  on  is  various,  according 
to  (11.17),  for  different  waveguides.  Figure  15  gives  curve/graph  of 
JPoj  in  function  -  tL  for  the  waves  H in  the  circular  waveguide,  for 
which  (11.17)  soaewhat  is  siaplified;  however  ccmaon/general/total 
variation  of  p0  on  a  difference  in  the  frequencies,  entering  in 
(11.18),  it  is  identical  for  all  waves. 

Than  flatter  form  has  transient  waveguide  near  its  narrow 
end/lead,  the  fact  for  the  fixea/recorded  difference  in  the 
frequencies  will  be  less  reflection  coefficient.  With  decrease  v(l) 
the  frequency  region,  in  whicn fp0f passes  from  large  ones  to  lew 
values,  becomes  narrow.  If,  for  example,  in  circular  waveguide  the 
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angle  between  the  forming  and  2-axis  at  the  end  of  the  transient 
waveguide  is  equal  to  5°40'{v(y.)  =-0.1),  then  for  wave  H01jp0|  it  is 
changed  from  1  (for  t=0)  to  0.5  (with  ^  =  --0,086)  during  change 
[k— um(L)\lk  fro»  0  to  0.006,  i.e.,  with  drift  (increase)  operating 
frequencies  from  the  critical  frequency  of  narrow  waveguide  tc 
0. 6o/o.  At  double  smaller  angle  (when  v(A)=— 0,05)  the  same  value 
|Po(=0. 5  is  reached  during  tae  deviation  of  the  frequency  in  all  of 
0.4o/o,  and  the  frequency  deviation  of  O.60/0  causes  in  this  case 
decrease  in  Jp0j  to  value  of  0.4. 


With  growth  j j  when  ~~4>1  p0  it  decreases  and  becomes  the  low 


value: 


P  as  - - l- - e 


(11.33) 


This  value  no  longer  zerc,  out  first  order  on  v.  However,  this 
expression  does  not  pass  accurately  in  (11.31).  In  order  this 
transition  to  ensure,  it  is  necessary  to  find  also  the  second  term  in 
the  expansion  of  p0  according  to  degrees  v.  le  will  not  carry  out 
these  computations,  which  are  reduced  to  the  determination  of  the 
following  terms  of  the  expansion  of  solution  (11.22)  and  of  equation 
(11.30),  and  let  us  give  only  result  for  a  special  case  of  round  ccne 
and  wave  Hal. 
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.  15.  Coefficient  of  reflection  of  wave  HoJ 


page  100. 

Tte  tc£lKJ  value  of  rejection  coefficient  in  this  case  exists 

iv  f*  i p« _ D  /_j _ * - arctgg^l-  (11-34) 

P  (0)  -  Po  —  |  g*  Po  V3g5  e  ■> 


•his  expression  already  passes  in  ,11.31).  if  this  last/latter 
expression  is  recorded  in  tne  for.  of  hino.ial  for.nla  ,8.37,.  In  the 
second  correction  ter.  in  ,11.33,  it  is  necessary  to  retain  vith 
this,  only  first  ter m/ccmponent/adaena. 


first  term  in  (11.-34),  x.e.,  term  Po*  will  be  usua  i 
onsiderably  more  than  rer./co.fouent/addend  -iv/,4M‘>.  although  both 
hey  vith  |,r|»,  one  ano  tne  sane  ,the  first,  order  on  v.  Therefore 
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simple  formula  p( 0)  =p0  practically  gives  good  results  not  only  with 
final  ones,  but  also  with  small  Jp0j,  whenjp(0)j,  according  to  (11-34), 
is  proportional  v (/„). 


Let  us  note  on  conclusion  of  -bis  paragraph,  that  for  a  cone, 
i,e.,  with  the  validity  cf  condition  (11.28),  equation  (11.6)  in  an 
entire  region  0£z£L  has,  as  is  easy  to  show,  the  exact  solution: 


Ot/u  Zp{Ckj(Xm)t 


(11.35) 


where  Zp  -  any  cylindrical  function  and  p2=C*+1/4.  however,  since 
argument  and  system  of  function  Zp  are  great  in  comparison  with 
unity,  then  during  actual  computations  will  have  to  apply  asymptotic 
representations  2  In  the  region  where  value 


2V*  (p~Cfe/am)(CA/amr,/* 


(11.36) 


is  final,  Zp  is  expressed,  as  is  known,  through  Airy*s  functions 
from  argument  (11.36).  It  is  easy  to  show  that,  where  value  (11.36) 
is  final,  it  coincides  with  uy  the  variable  t  (11.13).  Therefore  even 
for  the  cone  when  there  is  explicit  solution  cf  equation  (11.6),  in 
region  final  t  immediately  to  expediently  represent  the  solution  in 
the  form  of  Airy's  functions,  and  m  region  large jt|-  in  the  form  of 
the  linear  combination  ct  functions  This  same  method  we  will 

preserve  in  the  following  paragraph. 
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§12.  Have  developaent  of  parasitic  type  in  the  presence  of  critical 
section  for  this  wave. 

f\J 

1.  Let  is  now  with  2=2  arranged/located  critical  section  of  any 
of  forming  parasitic  waves  hj(z)  =  0,  ar.d  incident  wave  can  be 
propagated  in  narrow  waveguide. 

Page  101. 

Let  us  find  under  these  conditions  the  amplitude  of  the  parasitic 
wave,  which  exits  into  wide  waveguide. 

By  us  they  will  be  necessary  for  this  solution  of  the  equation 

Q‘l  +  h)Q,  r--.  0  (12J) 

in  entire  irregular  waveguide.  V  ^z)  and  U(z)  -  two  solutions  (12.1), 
calibrated,  so  that  their  Wronskian  determinant  would  be  equal  to 
unity 

U'V—V'U  —  1.  (12.2) 

Let  us  determine  by  their  in  sucn  a  way  that  near  the  critical 
section  where  is  correct  expansion  (11.11),  they  would  be 
proportional  to  Airy’s  functions  u  (t)  and  V  (t)  .  From  condition  (12.2) 
it  follows  that  the  proportionality  factor  must  be  equal  to  A"1/3,  so 
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that  with  small  and  final  t 

U  O’)  —  A~'uu  (/);  (12.3a) 

l/(2)  =  A ~'/*  i>(/),  (12.3b) 

where  A  and  t  are  dete  mined  in  (11.12)  and  (11.13)  with  the 
replacement  of  index  m  cn  j. 


In  region  large  |t| of  function  U  (z)  and  V (z)  they  must  be 
determined  in  such  a  way  that  with  final \t\ would  be  provided 
analytical  transition  in  (12.3).  Substituting  in  (12.3)  the 
asymptotic  value  of  Airy*s  functions  and  expressing  the  variable  t 

/V 

through  h y  and  T/_ y.t  we  will  obtain  that  for  z<z,  i.e.,  with  real 
h,.  functions  0(z)  and  V  (z)  must  be  determined  by  the  conditions: 

U  (z)  =  h~l,t  cos  (—  r  /  +  T i  +  rt/4); 

V(z)  =  hj'h  sin  (—  Ty  +  T/  +  n/4>- 

With  z>z,  when  h/——i\h‘\,  we  assume 

U  (z)  =  e'(1/  “b  ’ ; 

V  (z)  —  (%)-'/>  e~‘Ut  "V » . 

With  distance  into  supercritical  area,  i.e.,  with  an  increase  in 
difference  z-z,  function  U  (z)  rapidly  grow/rises,  in  V (z)  it 
decreases. 


(12.4a) 

(12.4b) 

(12.5a) 

(12.5b) 


Page  102. 


Far  from  critical  section  tnese  functions  are,  according  to  (12,4), 
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(12.5)  the  linear  combinations  of  solutions  h~'’'  e±n> ,  near  critical 
section  they  are  transformed  into  rinal  solutions  (12.3) .  The  regions 
where  n  and  V  can  be  representea  in  the  for®  (12.3)  and  where  they 
take  form  (12.4)  and  (12.5),  they  overlap. 

In  this  paragraph  we  will  immediately  assume  that  the  critical 
section  is  located  so/suca  far  from  the  beginning  of  narrow 
waveguide,  that  the  field  of  parasitic  type  wave  completely  does  not 
reach  the  narrow  waveguide.  In  this  case,  as  it  will  render/show, 
function  0(z)  will  fall  out  from  final  results,  field  will  be 
completely  described  by  function  V  (z)  . 

2.  Returning  to  problem  of  preceding/previcus  paragraph,  we  will 
find  again,  utilizing  introduced  function  V  (z) ,  phase  of  wave, 
reflected  from  critical  section,  for  a  magnetic  wave  the  field  is 
described  by  equation  (11,6).  With  z>z  the  field  must  not  grow/rise; 
under  the  made  assumption  about  the  fact  that  the  beginning  of  narrow 
waveguide  is  arrange/lccated  far  from  critical  section,  this 
requirement  replaces  boundary  condition  with  z=L.  the  solution  of 
equation  (11.6)  in  this  case  is  function  CV,  where  the  constant  C  can 
be  determined  from  condition  Pm  (0)  ~ !.  Hear  the  beginning  of  the  wide 
waveguide  z=0,  function  V  (z)  takes  form  (12.4b),  so  that 

Qm  =  _ g— 4-tn -Hro +«/«)' 


(12.6) 


DOC  =  79024306 


PAGE  , 

(V 


This  expression  must  oe  sunstituted  into  formulas  (11.8) ,  in 
which  it  is  possible  tc  drop/omit  term/compcnent/addend  Smm— S_,/Ufl, 
essential  only  near  critical  section,  i.e.,  in  small  ones  | tim |.  Thus, 
it  is  possible  to  show  which  first  term  in  (12.6)  is  equal  to  Pm(z), 
and  the  second  is  equal  to  P_m(z),  which  (12.6) 

corresponds  to 

representation  Qm  in  the  torm  cr  difference  Qm=Pm  —  P_m.  It  is 
hence  easy  to  determine  C  and  unknown  coefficient  of  reflection 


P-m(0)  --- 


(12.7) 


This  formula  coincides  with  the  result  of  the  preceding/previcus 
paragraph:  a(0)  =  — 2fm  —  n/2  when  /t>l,  which  thus  is  generalized  also 
in  the  case  when  the  -*  auce  between  the  critical  section  and  the 
beginning  of  narrow  w<.  duide  is  great. 


For  electrical  waves  the  field  is  described  by  equation  (11.5b) 


Rm  4*  hmRm  —  0, 


(12.8) 


solution  of  which  is  again  function  CV,  and  far  from  critical  section 
Rm(z)  has  the  same  form  (12.6). 


Page  103. 


However,  Rm  is  equal  tc  sum,  but  not  difference  in  amplitude  (7.2); 
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therefore  second  term  in  (12.6)  corresponds  —P„m(z),  and 

P-m(0) --=  (12.9) 

The  phase  of  electrical  wave  differs  from  the  phase  of  magnetic 
wave  only  in  terms  of  sign  of  constant  term/component/addend  w/2, 
which  is  added  tc  geometric  phase  change 

Let  us  compare  these  results  with  those,  which  would  be,  if 
reflection  proceeded  net  from  critical  section,  but  from  the  metallic 
partition/baffle,  supplied  across  waveguide.  Cn  this  partition/baffle 
there  would  be  =  pm.  Having  this  in  form,  it  is  possible 
conditionally  foraulas  (12.7)  and  (12.9)  to  treat  thus:  the  phase  of 
the  wave,  reflected  frea  critical  section,  coincides  with  the  phase 
of  wave,  reflected  from  metallic  mirror  in  waveguide,  if  this  mirrer 
is  displaced  relative  tc  critical  section  to  cne  eighth  of 
wavelength;  for  magnetic  waves  is  displaced  it  must  for  critical 
section,  for  electrical  ones  -  towards  the  incident  wave.  The 
conditionality  of  this  formulation  lies  in  the  fact  that  the 
comparison  of  supplementary  phase  shift  +-*/4  in  (12.7)  and  (12.9) 
and  the  geometric  shift  cf  mirror  assumes  that  the  phase  rate  is 
final  and  little  it  is  changed,  tnat  near  critical  section  is  not  a 
place. 

3.  Let  us  return  to  fundamental  problem  cf  present  paragraph  - 
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study  of  field  of  parasitic  wave.  For  certainty  the  parasitic  wave  of 
number  j  -  magnetic  type  in  question,  so  that  its  field  is  described 
by  equation  (11.5a).  As  in  tne  preceding  paragraph,  we  utilize  this 
equation  in  order  to  establish/install  end  condition  for  first-order 
equations  (8.5)  or  (8.30)  -  tne  condition,  equivalent  to  the  presence 
of  critical  section.  Applying  this  end  condition,  it  will  be  possible 
to  in  the  larger  part  cf  the  irregular  waveguide  use  first-order 
equations  (8.5) .  These  equations  are  considerably  simpler  than  the 
equation  of  second  order  (11.2),  and,  which  is  especially  important, 
during  the  isolation/lineration  in  them  of  the  first- crder  terms  of 
smallness  on  the  basis  cf  v0  do  not  appear  any  difficulties  near  the 
fractures  of  generatrix  cx  generally  in  the  regions  where  v(z) 
rapidly  is  changed  with  z. 

The  solution  of  ncnhomogeneous  equation  (11.5a)  can  be, 
according  to  condition  (12.2),  recorded  in  the  fora 

Qj  =  U^  VGjdz  —  V  J  UG/lz.  (12.10) 

Page  104. 

The  selection  of  lower  limit  in  the  first  integral  is  defined  by 
requirement,  in  order  to  in  supercritical  area,  i.e.,  when 

z~*L,Q/(z)  not  increased,  as  grow/cises  0  (z)  .  Lower  liait  in  the 
second  integral  we  will  leave  not  defined. 
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Far  fros  critical  section  in  old  on  v0  order  Q,  and  Rf  they 
are  connected,  accordingly  (11.1a),  by  the  equation 

Qi  +  ih,R,  -  Qm  (S/m  -  S-im).  (12.11) 

Fron  this  equation  and  from  (7.2)  it  is  possible  to  exclude  Rj  and 
thus  to  express  P,{z)  and  P-,(z)  through  Qy(z)  and  Q]{z).  Analogous 
(with  11.8)  we  have 

Pi  <*>  =  irWi  +  Wi  -  {Sim  -  S-Im)  Qm]; 

2 hi 

(12.12) 

p-j{z)  =  £lQ',-ihiQ,-(S,m-S-.Jm)Qm]. 

2ki 

For  obtaining  the  unknown  equivalent  end  condition,  let  us 
substitute  (12.11)  in  (12.12)  ana  will  exclude  the  second  integral  in 
(12.11),  i.e.,  let  us  estanlish  such  algebraic 

communication/connection  between  P,{z)  and  P-i(z),  which  does  not 
contain  by  the  arbitrary  constant  C.  The  obtained 

communication/connection  between  pt(z)  and  P_/(z)  is  valid  everywhere; 
we  will  use  it  to  points,  which  are  located  far  from  critical 
section.  For  such  points  function  V(z)  is  given  in  (12.4b).  Appearing 
during  this  calculation  expressions  ih/V  ±  V'  are  equal  to 


ihjV  ±V'  =  ^  ti/'e*  '(I/  _  ■ 


(12.13) 
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Thus  is  establish/installed  the  communication/connection,  which 
exists  far  from  the  critical  section  between  Pt(z)  and 

h'/'Piiz)  e-‘Ul  +  'l+au'  -  h)>'PH{z)  e(-'‘  +1'+*/4)  = 

=  |  VG,di  -  VQm  (Sim  -  S-jm).  °2,  U) 

entering  in  (12.14)  function  Qm(2)  and  Rm(z),  of  the  describing 
the  field  fundamental  wave,  are  sufficient  to  determine  in  old  order 
In  this  order  the  fundamental  wave  passes  without  distortions, 

P-«(2)  =  °.  and 


I 


DOC  =  79024307 


PAGE 


1% 


f 


Page  105. 


Let  us  give  end  condition  (12.14)  more  convenient,  more  symmetrical 
form.  Be  will  use  the  fact  taat  for  any  function  f(2),  not  having 
special  feature/peculiarities  in  range  from  given  z  to  L,  is  correct 
the  identity 

fVe~nm  -  \  f  ( V '  -  ihmV)  e~ilmdz  +  J  f‘  ■  Ve'^dz.  (12. 16) 

in  which  is  still  placed  V(L)=0;  it  easy  to  demonstrate  by 
integration  in  parts.  Applying  (12.16)  to  second  term  in  (12.14)  and 
reject/throwing  last/latter  tera/coraponent/addend  in  (12.16),  which 
has  higher  order  of  smallness,  it  xs  possible  to  record  right  side 
(12.14)  in  the  form  of  one  integral  expression. 

In  this  way  is  obtained  the  unknown  symmetrical  form  of 
equivalent  end  condition,  most  convenient  both  for  the  physical 
analysis  and  for  the  ccncrete/specif ic/actual  calculations 

Pi  {z)  e-‘u>  "b {z)  ~n/t) 


•  «■ 


«  j/  ^ jy==~  {Sjm (ihjV  -r  V'')  +  V))dz. 


(12.17) 
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Integrand  contains  coupling  coefficients  in  such  combinations 
(11.3),  which,  as  shown  in  $  11,  do  not  have  special 
feature/peculiarities  in  an  entire  range  of  integration  and,  in 
particular,  in  critical  section.  Value  z  in  this  formula  can  be  any, 
it  only  must  lie/rest  at  the  region,  in  which  it  is  correct  (12.4b). 


By  the  same  method  it  is  possible  to  find  end  condition  for  all 
other  possible  cases.  If  j  -  electrical  type  wave,  then  near  critical 
section  it  is  necessary  to  ut . ' • ze  equation  (11.5b) ;  if  the  wave  of 
number  m  falls  from  the  side  o  narrow  waveguide,  then  in  an  obvious 
manner  it  is  modified  solution  (1z. 15) and,  etc. 


4.  Field  of  parasitic  wave  can  be,  thus,  it  is  found  of 
first-order  equations  (8.5)  and  from  end  condition  in  the  form 
(12.17),  of  equivalent  to  presence  critical  section.  The  second  end 
condition  takes  for*  P,(0)  =  0,  it  provides  the  absence  of  the  incident 
wave  of  this  type. 


Page  106. 
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The  solution  of  these  equations  for  any  z  out  of  rejection 
region  (and  with  z<z)  under  condition  Pj(0)  —  0  will  be  analogous 
(with  8.34)  : 


(12.18) 


Substituting  this  solution  unaer  end  condition  (12.17),  we  find 
P~j(0)  -  the  unknown  amplitude  of  the  parasitic  wave,  which  exits  in 
wide  waveguide: 

p-'<°> - V  W  '*  - 


—  e 


—•(7+11/4) 


e 

J  — (S/m (<AyV  V')  +  S_/m {/A,V -  V))dz} . 

(12.19) 


Value  z  in  (12.19)  also  can  ue  any,  provided  point  z  did  not 
lie/rest  near  critical  section.  Seally/actually ,  factors  when  S/m  and 
S-,m  in  last/latter  integral  coincide  with  the  appropriate  factors  in 
the  first  two  integrals,  and  during  change  z  the  sum  of  all 
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inteqrals,  entering  in  (12.19),  it  does  not  change. 

In  spite  of  certain  conditionality  of  representation  P-/(0)  in 
formula  (12.19)  in  the  term  of  tne  sum  of  three 
term/component/addends,  the  conditionality,  connected  with 
arbitrariness  in  the  selection  of  point  z  -  this  representation  makes 
completely  specific  physical  sense,  prompted  by  results  of  §  5  and  6. 
In  each  cut  of  irregular  waveguide  from  z=0  to  section  z,  which 
participates  in  (12.19),  under  the  action  of  the  transmitted  wave  of 
number  m  occurs  shaping  of  direct/straight  and  backward  waves  of 
number  j.  All  parasitic  waves,  wnich  go  in  opposite  direction,  are 
summarized  in  section  z=0,  and  tne  result  of  this  addition,  according 
to  (5.15)  or  (8.34),  it  coincides  with  second  term  in  (12.19). 
Direct/straight  parasitic  waves  reach  before  critical  section  and  are 
reflected  from  it,  acquiring  tne  same  supplementary  phase  factor 
(12.7) as  during  incidence  in  tnis  wave  on  irregular  waveguide  from 
without;  so  it  is  formed  first  term  in  (12.19).  Finally,  last/latter 
term/coaponent/addend  (12.19)  is  tne  result  of  shaping  of  the  field 
of  parasitic  wave  near  critical  section. 

Page  107. 

In  this  region  the  separation  on  direct/straight  and  backward  waves 
does  not  have  special  sense  (see  analogous  observation  in  [80], 
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$17.6)  f  and  the  education/formation  of  parasitic  wave  occurs  from  more 
complex  laws,  than  found  in  Chapter  II. 

Under  the  normal  conditions  or  the  amplitude  of  direct/straight 
parasitic  waves  it  is  more  tnan  the  amplitudes  of  reverse/inverse 
ones,  (6  8),  and  if  z  in  (12.19)  is  selected  not  very  far  from 
critical  section,  then  greatest  is  first  term;  third 
term/component/addend  one  must  taxe  into  account  only  in  the 
exceptional  cases.  The  proposed  interpretation  of  formula  (12.19) 
makes  it  possible  for  other  possible  cases  to  find  two  fundamental 
term/component/addends  m  the  field  of  parasitic  wave,  which  exits 
into  wide  waveguide,  without  solvin  equations  (11.5)  and  without 
establish/installing  equivalent  enu  condition.  For  example,  if  the 
exciting  wave  falls  from  the  side  of  the  narrow  waveguide, 
arrange/located  to  the  leit  of  critical  section,  then 
direct/straight,  but  backward  waves  will  acquire  supplementary  phase 
factor  (12.7)  or  (12.9),  tnat  corresponds  to  the  reflection  of 
parasitic  wave  from  critical  section. 


5.  tet  us  use  obtained  results  to  waveguides  in  which  v  (s,  z) 
has  despite  all  z  one  and  the  same  order,  and  with  z=-0  as  jump  is 
taken  zero  value,  i.e.,  to  waveguides  with  fracture  of  generatrix. 
For  a  reduction  in  the  recording,  we  will  assume  how  in  §  8,  that 
these  fractures  are  arrange/iocated  only  on  the  end/leads  of  the 
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irregular  waveguide. 


In  §  8  we  obtained  for  the  wave  amplitudes,  scattered  on  such 
irregular  waveguides,  formula  (8.37),  which  was  used,  if  not  critical 
section. 

From  the  preceding/previous  examination  it  follows  that  'or  the 
field  of  parasitic  wave  in  this  case  must  be  obtained  an  expression 
of  type  (8.37),  in  which,  it  goes  without  saying,  there  will  not  be 
term/component/addend,  pertaining  to  narrow  waveguide,  but  there  will 
be  the  terms,  which  correspond  both  to  direct  waves,  which  were 
reflected  from  critical  section,  and  to  backward  waves. 


For  further  conversions  is  convenient  to  record  P_/(0)  in  the 
form  one  integral.  This  expression  is  obtained,  if  we  in  solution 
(12.19)  or  under  end  condition  (12.17)  assume  z=0: 


v  m°>  i 


P~i(  0) 

X  l Sim  ( ih,v+  V')  +  S..,m  {ihjV  -  HI  dz. 


(12.20) 


Page  108. 


According  to  (12.13),  in  the  larger  part  of  the  range  of 


qp/y 

integration  in  (12.20)  products  (Hi,V±V')c  1  is  not  contained  the 
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rapidly  oscillatory  factors.  Searing  this  in  mind,  let  us  break 
integral  in  (12.20)  intc  two  parts,  which  contain  respectively  S/m 
and  let  us  isolate  m  both  of  these  addend  products  and  let  us 
integrate  in  parts.  First  term,  for  example,  will  take  in  this  case 
this  form: 

K  .-'Vm 


f  e-7^S,m  0 -hjV  +  V')  dz  —  —  /' 

_.r  riyi(ihlV  +  v‘) 

r  r 


(12.21) 


where  it  is  placed  still  V  (L)  =0  and  V*  (I.)=0.  Replacing  with  z=0 
IhjV  +V"  on  formula  (12.13),  we  will  obtain  from  (12.21)  and  the  same 
second  expression,  which  contains  <S_ym>  formula  for  the  unknown 
amplitude  of  backward  wave 

p-'<0)  -  + '{xr%L +'- 

(12.22) 

The  integral  term  I,  which  is  obtained  of  the  second  addend  formulas 
of  type  (12.21)  we  will  extract  nelow. 


First  two  term  in  (12.22)  they  make  simple  physical  sense.  One 
should  compare  them  with  formula  (8.37) ,  valid  in  the  absence  of 
critical  section.  First  term  corresponds  to  direct  waves,  which  were 
reflected  from  critical  section,  the  second  -  to  backward  waves.  The 
obtained  formula  can  be  consiuerea  as  illustration  of  that 
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interpretation  forming  the  parasitic  field  in  the  presence  of 
critical  section  that  was  given  in  the  preceding/previous  point/item. 
This  interpretation  allows,  applying  formula  (8.34)  and  expressions 
for  reflection  coefficients  from  critical  section,  to  obtain  formulas 
of  type  (12. 22)  . 

From  this  point  of  view,  integral  I  describes  the  effect  of  the 
region,  which  adjoins  the  critical  section.  Bulky,  but  elementary 
conversions,  are  which  we  let  us  lower,  lead  to  the  expression 


/ 


,/^lE 

V  hiW 


(0)  -‘<Ym+*/«> 

e 


0  -*«J  r ,  *«*/ +  */  (Sim-s_imy{u 


+ 


j~  Mgjj 


VhmK-'j) 

I  +  S-lm)  +  hm  ( sim  ~  S-lm) 

Y^K-h)) 


t 

]  V'}ds. 


(12.23) 


Page  109. 


In  these  conversions  is  used  equation  V"  -f  h~y  =  0.  Furthermore  in  order 
not  to  complicate  a  question  concerning  the  convergence  of  the 
integrals,  which  appear  in  intermediate  conversions,  it  is  convenient 
to  consider  wave  number  in  void  k  composite;  in  the  resultant 
expression,  it  goes  without  saying,  k  -  really/actually.  During 


analysis  (12.23)  it  is  substantial  to  bear  in  mind,  that  the  coupling 
coefficients  enter  into  integrand  only  in  the  form  of  combinations 
(11.3).  These  combinations  are  not  only  final  in  critical  section. 


1 
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but  also  is  not  contained  first  degree  hh  Therefore  integrands  in 
(12.23)  are  final  everywhere,  including  critical  section.  The 
coefficients  of  V  and  V*  in  (12.21)  will  be  of  order  v*  or  v\ 

Because  V  and  V*,  as  it  follows  from  (12.3b)  and  (11.12),  soaewhat 
grow/rise  near  critical  section,  the  order  of  inteqral  I  will  be, 
apparently,  somewhat  below,  however,  since  first  two  term  in  (12.22) 
have  order  v„,  then  in  all  cases  during  not  very  precise  calculations 
by  third  tern/coaponent/addend  in  (12.22)  it  is  possible  to 
disregard. 

Thus  we  obtained  that  for  waveguides  with  the  fracture  of 
generatrix  the  amplitude  of  parasitic  wave  depends  only  on  the 
values,  which  relate  to  salient  point;  this  result,  obtained  in  §  8 
for  a  waveguide  without  critical  section,  is  valid  and  in  the  general 
case.  As  noted  above,  this  does  not  contradict  so  that  the  formation 
of  parasitic  waves  bears  nonlocal  character,  i.e.,  it  occurs  on 
entire  irregular  waveguide. 

The  explicit  expressions  of  coupling  coefficients  for  the 
waveguides  of  rectangular  and  round  cross-sections  are  given  in  §  16. 

§  13.  Fracture  of  waveguide.  Frequency  is  close  to  the  critical 
frequency  of  generatrix  of  parasitic  wave. 
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1.  Second  case,  whicn  requires  special  examination,  is 
resonance,  which  attacks  in  bent  waveguide  of  constant  section  during 
approach/approximation  of  operating  frequency  to  critical  frequency 
of  any  of  parasitic  waves,  wnich  are  formed  at  the  bend.  From  a 
mathematical  point  of  view,  the  special  feature/peculiarity  of  this 
case  lies  in  the  fact  that  the  coupling  coefficients  Fjm  go  to 
infinity  when  hj— >0,  and  therefore  solutions  (4.6),  (4.14)  and 

(7.35)  become  inapplicable.  Os  will  interest  first  of  all  the 
physical  picture  of  phenomenon,  and  therefore  we  will  be  restricted 
below  to  the  examination  or  fracture,  i.e.,  curvature  to  small  angle 
»o«1*  Resonance  phenomena  for  a  fracture  are  simpler  than  for  a 
curvature  to  final  angle,  and  they  are  expressed  in  some 
ratio/relations  even  more  powerful. 

Page  110. 

Furthermore,  in  this  case  they  can  be  completely  investigated  in 
qeneral  form. 

The  resonance,  which  appears  during  small  strain,  in  particular 
with  fracture,  in  certain  sense  nas  the  same  character,  as  during  the 
excitation  of  waveguide  by  tae  outside  current  at  critical  frequency 
of  forming  wave.  With  given  outside  current,  as  is  known,  the 
amplitude  of  the  excitable  wave  becomes  very  large,  how  not  was  small 
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the  exciting  current,  and  for  the  correct  formulation  of  the  problem 
it  is  necessary  to  consider  the  reverse/inverse  action  of  the 
appearing  wave  on  the  exciting  cell/element.  In  the  case  of  curvature 
or  fracture  the  analog  of  the  exciting  cell/eleaent  is  the  incident 
wave.  For  example,  the  field  of  the  waves,  which  exit  into  right 
waveguide  in  Fig.  2,  can  he  considered  as  the  field,  created  by  the 
currents  of  the  incident  wave,  flowing  on  left  waveguide.  Therefore 
it  is  logical  that  in  this  case  the  resonance  effects  will  be 
revealed  first  of  all  in  the  fact  that  the  field  of  the  incident  wave 
will  be  strongly  changed,  to  ne  more  precise,  that  will  arise  the 
wave  reflected  with  large  amplitude. 

We  will  begin  analysis  in  the  assumption  that  the  walls  of 
waveguide  are  ideally  carrying  out.  As  we  will  see,  this  will  not 
cause  the  appearance  of  any  infinity  -  resonance  phenomena  in 
waveguides  can  be  strictly  investigated  without  taking  into  account 
losses.  However,  although  the  account  to  conductivity  and  does  not 
lead  to  qualitatively  new  phenomena,  it  all  the  same  is  completely 
necessary  during  the  quantitative  estimate/evaluation  of  the 
amplitudes  of  the  appearing  waves. 

A  single  work,  in  which  was  examined  analogous  problem,  was 
Jouguet's  article  [9],  In  it  were  located  the  wave  amplitudes 
scattered  during  incidence  in  wave  HM,  on  coupling  of  two 
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semi- inf inite  rectangular  waveguides  -  rectilinear  and  bent  with 
small  curvature  in  H-plane  (Fig.  41),  and  was  for  the  first  time 
investigated  resonance.  Jouguet  examined  only  the  case  when  frequency 
strictly  coincides  with  the  critical  frequency  of  the  formed 
parasite,  and  was  not  considered  the  final  conductivity  of  walls. 

2.  As  in  first  paragraphs  of  this  chapter,  let  us  use  variables 
and  Aj  connected  witn  amplitudes  ft  and  P-i  by 
relationship/ratios  (7.2).  They  satisfy  system  of  equations 

dQ.  « 

2j  F—lm)  Rm 

dR.  « 

“  2  R-lm)  Qmt  (13. 1) 

which  it  is  easy  to  obtain  from  system  (7.9). 

Page  111. 

Far  from  resonance  conditions  the  incident  wave,  as  shown  in  § 

7,  barely  is  distorted,  and  for  each  number  j  in  system  (13.1)  it  is 
necessary  to  preserve  two  equations  -  for  variables  and  Qj  After 
solving  these  equations,  it  is  possible  then  to  find  pt (0)  and  P_/(0); 
the  obtained  formulas  will  oe,  it  goes  without  saying,  to  coincide 
with  (7.28).  In  resonance  frequency  region,  one  must  take  into 
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account  also  a  change  in  the  field  of  the  incident  wave  and  to 
simultaneously  examine  four  equations: 

dQ 

~~~  —  (F jin  f—im)  lim  -  I  (?'  jj  ^—ll)  Rfr 

da 

~  -  (Fm,„  -  F  )  /?,„  +  (/•'„„  -  F_m/)  R,:~ 

da 

(13.2) 

tiR . 

-J-  “  (f/m  +  F Qm  4  (/'yy  4-  f-//)Qy; 

dK 

~ —  =  (f m  4"  F  —mm)  Qm  4’  (f mi  4"  f —my)  Qy  ", 

do 

as  in  (11.5),  remaining  waves  it  is  possible  not  to  take  into 
consideration. 

When  k—>a.,,  /i/->0  the  coupling  coefficients  F,m  approach 
infinity.  It  is  easy  to  snow,  using,  for  example,  formulas  (7.16), 
what  these  coefficients  possess  the  following  properties,  analogous 
to  the  properties  of  coefficients  Sim'-  torrents  j  -  magnetic  wave, 
first  with  any  m  difference  F,m—F-jm  does  not  go  to  infinity,  but  if 
j  -  electrical  wave,  then  does  not  have  special  feature/peculiarities 
sum  Fim  +  F-jrn.  Therefore  in  system  of  equations  (13.2)  only  one 
coefficient  goes  to  infinity  when  h-,  —  0;  in  this  respect  system 
(13.1)  more  convenient  than  reference  system  (7.9) .  All  special 
feature/peculiarities  in  the  coefficients  of  these  equations,  as  one 
would  expect  from  the  considerations,  given  in  the  beginning  §  11, 
will  disappear,  if  we  for  a  magnetic  wave  introduce  instead  of  Rt 
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new  variable  R,hj,  which,  as  Q„  will  not  go  to  infinity  when  ft/-»0; 
for  electrical  waves  one  should  introduce  variable  Q,hj. 

Re  will  be  restricted  nelow  to  the  examination  of  curvature  to 
small  angle,  i.e.,  let  us  assume  d0<<1.  Let  us  note  here  only  that 
for  a  curvature  to  final  angle  are  used  the  usual  methods  of  solving 
the  system  of  equations  with  constant  coefficients;  the  solution  for 
each  of  the  variables  is  sum  four  exponent  of  type  ef*.  The  analysis 
of  the  characteristic  equation  of  this  system  shows  that  all  its 
roots  p  remain  finite  when  hj-*Q. 

Page  112. 

Let  us  begin  from  the  limiting  case  when  frequency  is  exactly 
equal  to  critical,  h,=.0.  Let  us  assume  for  a  definition  that  both  j 
and  m  -  magnetic  waves;  qualitatively  all  results  are  retained  during 
other  possible  combinations,  let  us  accept  even  for  a  reduction  in 
the  recording,  that  K'1  —  0,  where  integrals  are  determined  in 
(7.18);  according  to  §  7  this  equality  usually  is  fulfilled.  System 
of  equations  for  variables  Qm,  Rm,  Qi  and  h,R/  let  us  solve  resolution 
in  row/series  according  to  the  degrees  of  low  value  of  d0.  For  the 
leading  terms  of  terms  of  tnese  expansions,  calculation  gives 


Far  from  critical  frequency  tne  reflection  coefficient  has. 


.  -  •  m  m. 
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according  to  results  of  §  7,  an  order  9za,  and  transmission 
coefficient  differs  from  unity  by  the  members  of  order  *-a.  In  order 
to  trace  transition  from  (13.4)  to  these  conditions,  it  is  necessary 
to  solve  the  system  of  four  equations  (13.2)  for  Rm,  Qm,  Rj  and  Qh 
utilizing  simultaneously  smallness  of  two  parameters  -  i0  and  ti,. 
Expanding  variables  in  row/series  from  the  low  parameters,  it  is 
necessary  to  assume  the  first,  taat  1,  since  ajhj^l,  and  finally 

that  QjHi'pl.  In  this  case,  it  proves  to  be  that  in  old  order  for  Qm 
and  Qj  are  obtained  in  all  three  cases  the  identical  analytical 
ex pressions. 


Page  113. 


The  which  interest  us  amplitudes  of  the  scattered  waves  it  is 

Qm 

possible,  utilizing  (7.10),  to  express  only  through^and  Qb  therefore 
and  for  them  they  are  obtained  the  expressions,  valid  during  any 
relationship/ratio  between  and  tt,: 


p-(°)“rh’  p"(1)-srb: 

P, (I)  =  -  P-, (0)  -  —  i  . 


(13.5a) 


(13.5b) 


Here  through  r  is  designated  they  are  essential  in  entire  analysis 


the  parameter 


(13.6) 
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It  is  proportional  to  the  ratio/reiation  of  two  low  values 

Energy  of  the  reflected  and  transmitted  fundamental  wave, 
divided  into  energy  of  the  incident  wave,  is  equal,  correspondingly, 

=  77^pf]7’  I  ”  TTTTp'  <137> 

If  frequency  is  lower  tnan  tne  critical,  i.e.,  ///<0,  then 
parasitic  waves,  it  goes  witnout  saying,  is  net  taken  away  energy; 
when  /i*>0  both  parasitic  waves  ta*e  away  equal  energy  content: 

I  P/(W  =|P-,(0)r-/*An  -  03-S) 

It  is  easy  to  check  that  entire/all  taken  away  energy  is  equal  to 
incident  energy  both  at  the  frequency  of  higher  than  the  critical 
(ft’>0,  lt|  =  t),  and  at  the  frequency  of  lower  than  the  critical 

Formulas  (13.5)  make  it  possible  to  trace  the  onset  of  resonance 
phenomena  during  the  approacn/approximation  of  frequency  to  critical, 
i.e.,  when  value  j fh |  decreases,  and  the  parameter  r  thereby 
increases.  As  yet  M^l.  there  is  no  resonance,  strictly  speaking, 
still;  the  amplitude  of  the  fundamental  wave  does  not  change  with  the 
passage  of  fracture,  but  tne  amplitudes  of  parasitic  waves  (13.5b) 
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are  given  as  before  by  formulas  (4.6),  (4.12),  with  which,  according 
to  expression  (7.20),  formula  (13. 5b)  coincid- s  with  r«1. 
approach/approximaticn  to  critical  frequency  with  r«1  manifests 
itself  only  in  the  fact  that  the  amplitudes  of  straight  line  and  by 
the  reverse/inverse  of  parasitic  waves  are  compared  between 
themselves;  these  amplitudes  can  oecome  final  ones,  even  greater; 
however,  the  taken  away  oy  parasitic  waves  energy  is  small. 

Page  114. 

Is  small  also,  accordingly  (IJ.Sd),  the  effect  of  these  waves  on  the 
incident  wave;  this,  actually,  it  is  explained  by  the  fact  that  the 
coupling  coefficient  F>nt  is  final,  and  angle  80  is  small. 

Resonance  begins  whenlri-1.  with  this  appears  the  effective 
disturbance/perturbation  of  tne  transmitted  wave  and  simultaneously 
becomes  final  the  energy,  taxen  away  by  parasitic  waves.  The  field  of 
parasitic  wave  will  be  in  this  case  very  large,  order  r/30.  Greatest 
it  will  be  with  precise  resonance  h,  =  0,  jtj-voo,  when  on  (13.5b)  or 
last/latter  formula  (13.3),  wnich  will  agree  with  (13.5b),  this  field 
inversely  proportional  to  tf0;  in  this  case  entire/all  energy  of  the 
incident  wave  is  reflected.  Parasitic  waves  take  away  maximum  energy 
content  with  t=1;  in  this  case,  1/4  incident  energies  it  is 
reflected,  1/4  pass  also  on  1/4  it  is  scattered  by  direct/straight 


DOC  =  79024307 


PAGE 


and  reverse/inverse  parasitic  waves. 

3.  In  real  waveguides  condition  of  powerful  resonance 
practically  never  is  satisfied.  As  a  result  of  the  fact  that  the 
walls  of  waveguide  possess  final  conductivity,  hj  is  complex 
quantity,  not  at  what  frequency  non-vanishing.  Complete  expression 
for  a  wave  number  in  the  waveguide  with  imperfect  walls  whose 
conclusion/derivation  in  order  not  to  break  presentation,  we  will 
transfer  into  the  following  paragraph,  it  shows  that  the  minimum 
value  which  can  accept  |/((|,  is  reached  at  frequency  somewhat  lower 
than  the  critical  and  equally  for  the  magnetic  waves 

|  h,\mi  —  k  j-~  |>  (4'02  dij*7*  (13.9a) 

where  d  the  thickness  of  skin-iayer.  For  the  electrical  waves 

lM«"H  =  {ir f’l'Sr)  *  (13.9b) 

In  (13.9)  for  reduction  of  recording,  magnetic  permeability  of 
the  material  of  wall  is  placed  to  equal  unity.  By  order  of  value 
| A/Imm  it  is  equal  (d/a)v*. 

Entire  mathematical  apparatus,  developed  in  the 
preceding/previous  point/rtem,  remains  valid  also  upon  consideration 
to  conductivity.  However,  at  given  one  a0  parameter  |r|  cannot  be 


more  than 
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I  f  Imukc  — 


*a(X/W)a0S 

j  f.Miut 


(13.10) 
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This  value  is  proportional  «o(«/d)7*.  The  nuaerical  coefficient 
depends  on  the  section  of  waveguide  and  numbers  of  waves.  For 
example,  if  on  the  fracture  of  the  waveguide  cf  circular  section 
falls  wave  H01  (wave  of  numoer  m) ,  and  frequency  coincides  with  the 
critical  frequency  of  the  forming  wave  H12  (wave  of  number  j) ,  then, 
substituting  (3.18)  and  (3.^:0)  in  (7.18)  and  (13.9a)  we  will  obtain 

(ft  «,!)•* --2L-.  (13.11) 

*Vvin  -1  »‘/  -  <  V  It*  —  1 


If  we  even  for  simplicity  assume  t,m  —  j  then 

ItL.k  =  — rA=r  •  - V £-00  -  0,04|/-2-0;. 

2V4;-i  *  rf  K  d 

(13.12) 

For  waves  Hxq,  q>0,  the  numerical  coefficient  in  (3.12)  will  be  still 
less.  Let  us  accept  for  ratio  a/d  value  2.5.10*,  which  corresponds  to 
the  conductivity  of  copper  and  A-1  cm,  a~1  cm.  Then 

ItLkc  =  50o-  (13.  !3> 

Since  all  calculations  of  the  preceding/previcus  point/itea  were 
produced  on  the  assumption  that  «0«1,  then  )w|  is  always  small  in 
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comparison  with  one.  Very  strongly  resonance  is  expressed  be  it 
cannot,  but  it  all  the  same  is  noticeable. 


Accordingly  (13.5a),  the  coefficient  of  reflection  1  P~m (0) |MJKC  of 
small  ones  |t|.iaKC  is  egual  to  1TL*.  i.e.,  to  the  value,  given  by 
formula  (13.10),  and,  for  example,  even  with  80=1/5  reaches  only 
value  j PC-m (0) |MitKC  —  0,2.  The  amplitude  of  parasitic  waves,  accordingly 
(13.5b),  will  be  more  than  reflection  amplitude,  since  it  is 
proportional  to  the  first  degree  h0,  but  not  320  as  P_m(0).  Its 
maximum  value  is  equal 

|P_,(0)| -  |P,<#„)|» -h-z&rVS*’" 

f  *-  Hy  r* fn 


For  value  a/d  |P;(0o)|~40Oo  accepted  -  to  the  value  which  even  for  small 
angles  can  become  large  in  comparison  with  unity. 


The  frequency  dependence  of  the  coefficient  of  reflection  and 
amplitudes  of  parasitic  waves  is  determined  with  small  ones  M  by 
factor  i/|fc}|. 
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This  frequency  dependence  is  sharper,  the  less  is  d/a,  but,  as  always 
in  waveguides,  resonance  peaks  are  sufficiently  wide.  According  to 
(14.12),  value  JA/|  increases  in  V"2  the  time,  which  corresponds  to 
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the  same  decrease  of  the  field  of  parasitic  waves  and  is  reflected 


wave,  with  frequency  drift  to  value 


(13.15) 


(for  magnetic  waves).  For  wave  H12,  this  gives,  according  to  (13.11), 
Ak/k~~0.5  d/a.  With  a/d=2.5* 104Ak/k=2«10~°,  which  for  \=8  mm  gives 
the  half-width  of  the  order  of  megahertz. 


Let  us  note  on  conclusion  of  this  paragraph,  that  the  always 
existing  under  actual  conditions  dissimilarity  of  cross  section  at 
different  points  of  waveguide  also  attenuate/weakens  the  resonance, 
which  attacks  during  the  coincidence  of  operating  frequency  with  the 
critical  frequency  of  the  waveguide  of  constant  section.  For  coarse-p 
of  the  evaluation  of  this  effect,  it  is  possible  to  count  that  value 
[A/|ui"i>  which,  according  to  (1J.9),  is  proportional  d/a,  contains  one 
additional  term/component/addend,  equal  to  the  root-mean-square 
relative  spread  of  the  linear  dimensions  of  cross  section.  In  other 
words,  the  inconstancy  oi  cross  section  throughout  its  effect  on 
resonance  phenomena  is  equivalent  to  certain  increase  in  the 
thickness  of  skin-layer. 


§  14.  Wave  number  in  waveguide  wit.i  imperfect  walls. 


1.  In  this  paragraph  we  will  derive  formula  for  wave  number  in 
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waveguide  whose  walls  possess  large,  but  final  conductivity  which  we 

applied  in  preceding/previous  paragraph.  Since  in  the  which  interests 

us  frequency  region  wave  number  h)  very  small,  then  we  will  not  be 

able  to  use  the  method,  used  for  an  analogous  problem  in  §  6,  or  the 

conventional  energy  method,  used  only  at  not  too  low  and  real  values 

h. 

For  electrical  waves  the  corresponding  results  were  obtained  for 
the  first  time  -  not  completely  strict  method  -  in  the  book  of 
Kisunko  [32],  For  waves  in  circular  waveguide,  the 

common/general/total  expression  for  a  wave  number  was  found  by  Ya.  L. 
Alpert  [85]. 

In  waveguide  with  imperfect  walls,  boundary  condition  on  metal 
(3.2)  is  replaced  by  the  boundary  condition  of  Leontovich  according 
to  which  the  tangential  to  metal  components  of  fields  are  connected 
by  the  relationship/ratios 

Ej  wHt,  Et  —  —  wtl,.  (14.1) 

Page  117. 

These  relationship/ratios  are  valid  with  an  accuracy  down  to  the 
terms  first-order  in  1^1  inclusively.  Here  w  -  so-called  wave 
impedance  of  walls,  where  p  and  e  -  the  parameters  of  the 

material  of  walls.  In  metal  dielectric  constant  e  -  a  large 


vsr 
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imaginary  number,  magnetic  permeability  p  can  be  considered  real, 
and,  introducing  the  thickness  of  skin-layer  d,  we  will  obtain 

^  pArd.  (14.2) 

Module/modulus  w  -  low  value.  We  will  search  -or  wave  number  h 
progressive  scanning  of  fields  in  row/series  in  terms  of  l^j.  le  will 
be  restricted  to  the  case  when  there  is  no  degeneration,  i.e.,  let  us 
assume  that  to  each  eigenvalue  a2  in  waveguide  with  ideal  walls 
corresponds  magnetic  or  electrical  type  only  one  wave. 

Since  in  this  paragraph  is  examined  the  regular  waveguide,  in 
which  there  is  not  passage  of  waves,  then  we  will  be  able  to  omit 
index  in  wave  number,  in  membrane/diaphragm  functions,  etc.  The 
values,  which  relate  in  to  waveguide  with  ideal  walls,  let  us 
designate  0. 

After  recording  the  participating  under  boundary  condition 
(14.1)  components  of  the  fields  through  membrane/diaphragm  functions 
and  *  for  formulas  (3.14),  we  will  obtain  the  conditions,  which 
connect  the  values  of  these  functions  on  the  duct/contour  of  the 
section: 

~  ihd— +  ik  — ~  W3r\ J>;  aJ(p  —  w  I  ih  4-  ih  ~~ ) .  (14.3) 

ds  dn  \  on  os  I 

* 

From  this  condition,  in  particular,  immediately  follows  known  result 
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about  the  fact  that  the  division  of  waves  into  electrical  ones 
(i|>=:0)  and  magnetic  (0=0)  possioly  only  in  waveguides  with  ideal 
walls,  i.e.,  with  w=0,  or  iu  symmetrical  fields,  with  d/ds=0;  in  the 
general  case  the  solution  contains  both  of  functions  and  <t> . 

Functions  and  v>  satisfy  identical  equations  (3.11).  From 
these  equations  and  boundary  conditions  (14.3)  it  is  necessary  to 
find  these  functions  and  eigenvalue  at2.  Wave  number  h  is  connected 
with  a  condition  (3. 13) . 

For  an  eigenvalue  it  is  possible  to  write  resolution  in 
row/series  according  to  degrees  of  w 

a*  —  oj  -I -  04-4) 

In  the  same  row/series  is  decoapose/expanded  the  square  of  the  wave 
number 

h*  =  h.1  —  ■( ,  lil  —  k*  —  (14-5) 

Page  118. 

It  is  necessary  to  find  tne  second  term  of  this  expansion,  i.e., 
coefficient  at2t.  However,  the  leading  term  of  this  expansion  h20  at 
critical  frequency,  i.e.,  when  x=a0,  is  equal  to  zero,  and  near 
critical  frequency  it  will  ue  let  us  compare  with  the  following  term. 
Therefore,  obvious  expansion  of  wave  number,  that  follows  from 
expansion  (14.5) 
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h  =  V^hl  —  wa\-\ h0—  w~  -f - ,  (14.6) 

2ha 

not  by  Budde  applicably  for  all  frequencies,  including  the  vicinity 
of  critical  frequency,  from  (14. J)  it  follows  that  both  of  functions 
ij)  and  also  are  not  decoiaposi  i  simultaneously  in  row/series 
according  to  degrees  of  w  which  would  be  used  everywhere;  this  does 
not  have  place  also  for  the  components  of  fields.  Therefore  the 
entering  under  condition  (14.3)  values  cannot  be  directly  expanded  in 
row/series  according  to  degrees  of  w. 

In  order  to  use  the  method  of  successive  approximations  to 
system  (3.11),  (14.3)  and  to  obtain  the  solutions,  valid  also  in  the 
vicinity  of  critical  frequency,  we  utilize  an  artificial 
reception/procedure,  introducing  also  auxiliary  functions,  so  that 
under  the  boundary  conditions  would  participate  only  the  square  of 
wave  number.  For  simplification  in  the  recording  of  the  convenient 
for  waves  magnetic  and  electrical  type  to  introduce  different 
auxiliary  functions. 

2.  iet  us  begin  from  magnetic  waves.  Let  us  multiply  the  second 
equality  in  (14.3)  by  h  and  will  introduce  auxiliary  function 
<D  =At-  Functions  <1>  •  and  *}>  let  us  expand  in  row/series,  taking 
into  account  that  as  a  result  of  the  nondegeneracy  the  electrical 
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waves  in  zero  order  on  w  ace  absent,  <D0=0,  so  that  expansion  of 
begins  from  the  aeaber  of  order  w. 

It>  =  Ij>0  +  a^»i  +  . . . ,  O  =  n/O,  -t-  ...  (14.7) 

Let  us  introduce  expansions  (14.4),  (14.5)  and  (14.7)  under  equations 
(3.11)  and  boundary  conditions  (14.3).  Dividing  orders,  we  will 
obtain  in  zero  on  w  order 

+  cftto  —  0;  (14.8a ) 

ifa.1  =o.  (14.8b) 

*»  Ic 


and  in  the  first  order 


V*#i  *t-  fcH't  =  —  (14.9a) 


<tyi 

dn 


<D,| 


K  d$0 1 

a;  &  Ic 


(14.9b) 
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eliminating  the  hence  boundary  values  of  function  <D„  we  will  obtain 
boundary  condition  for  ^>lt  the  only  solution  of  zero-order  system 

I  =Z.^m1o  +  .  £Ss|  .  (14.10) 

dn  |c  k  kaz0  d>-  Ic 

The  unknown  value  is  determined  from  requirement  so  that 
equation  (14.9a)  with  boundary  condition  (14.10)  would  have  final 
solution  when  system  (14. d)  nas  nontrivial  solution.  In  order  to  find 
value  o2j,  let  us  multiply  equation  (14.8a)  on  equation  (14.9a)  - 
on  let  us  deduct,  will  integrate  over  cross  section  and  convert 
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integral  on  Green's  formula.  After  substituting  then  into  contour 
integral  boundary  conditions  (14. tin)  and  (14.10),  after  producing  in 
it  integration  in  parts  and  after  considering  the  conditions  for 
standardization  (3.16),  we  will  obtain 

{{«;§  V. ds  +  hl$^yds.  (14.11) 

After  ejaculating  a2lf  we,  according  to  (14.5) ,  find  two  members 
in  expansion  h2  according  to  degrees  of  w.  After  substituting  value 
of  w  on  (14.2) ,  we  will  obtain 

A*  =  hi  +  ( 1  -  i)  M  +  0  ( |  w  I*).  ( 14. 12) 

where  through  B  is  designated  value 

m_  !£{«:$.#»+*  $(*£)**}•  <1413> 

small  value  |/j|t  considered  as  the  function  of  frequency,  is 
reached  at  h20=-B  and  it  is  egual 

=  .  (14.44) 

moreover  in  H  it  is  possible  in  this  case  to  retain  only  first 
term/component/addend,  obliged  to  longitudinal  current,  and  to 
set/assume  a=k.  So  is  obtained  formula  (13.9a). 

Page  120. 


Par  from  critical  frequency,  with  h2o>0,  h20»M,  (14.12)  is  led 


to  expression  for  the  attenuation  factor 
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coinciding  after  the  substitution  of  value  M  (14.13)  with  the  formula 
which  is  obtained  by  usual  energy  method. 

The  phase  speed  v=c/Be  h  is  equal  to 

o  =  u0(l  —  M/2hl).  (14.15b) 

It  is  somewhat  less  than  tor  the  waveguide  of  the  same  section  with 
ideal  walls.  Introduction  to  final  conductivity  on  effect  on  phase 
speed  of  the  equivalently  to  the  expansion  linear  dimensions  of 
section  to  value  M/2otz0,  proportional  to  the  thickness  of  skin-layer. 

At  frequency  lower  than  the  critical,  if  /j,<0f  equation 

(14.12)  gives 

(U., 6, 

The  second  term  in  this  formula  proportional  to  energy  flow,  which  is 
propagated  in  waveguide  with  imperfect  walls  with  frequency  lower 
than  the  critical. 

Transition  from  (14.13)  to  (14.16)  is  described  by  formula 

(14.12) ,  which  makes  it  possible  to  give  explicit  expression  for  Re  h 
and  Im  h  with  any  relationship  between  h20  and  M;  Re  h  and  Im  h  are 
found  from  the  system 

(Reft)1—  (Im/t)*  =■  /,(  +  M;  2(Reft)(Imft)  «  M.  (14.17) 
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For  example,  with  k=a0,  i.e..  at  critical  frequency,  when  ho=0,  h= 
i/n (1. 10-iO. 46)  .  Generally  wave  numoer  h,  which  far  from  critical 
frequency,  according  to  (14.12),  differs  from  hQ  by  terras  of  order  k\w\, 
in  immediate  proximity  to  the  critical  frequency  of  Budde  of  order 


He  will  not  here  determine  the  disturbance,  experience/tested  by 
membrane/diaphragm  functions  and  fields  upon  transfer  from  ideal  ones 
to  imperfect  walls.  It  easily  is  found  from  system  (14.9).  Despite 
all  frequencies  there  will  be  order  w;  $  Budde  order  wh2„y  kh,  so 
that,  for  example,  sense  Ejth  far  from  the  critical  frequency  there 
will  be  of  order  w.  Near  critical  frequency,  with  small  |j)0|f  that 
compose  of  fields,  connected  with  electrical  wave  (in  particular, 
component  Ez),  will  be  very  small. 

Calculating  thus  two  meooers  in  the  resolution  of  wave  number 
for  electrical  waves,  one  snould  instead  of  function  ^  introduce 
function  \jr_h\ (>  and  to  expand  in  row/series  according  to  degrees  of  w 
of  function  *  and  Mr.  Function  *x  satisfies  the  system 

V*9i  +  »  -  «VlV.  »,  lc  -  -■  •  ^  ■  ( H.  18) 

dn 

Page  121. 

From  the  condition  of  the  solvability  of  this  system,  it  is  located 
«*»: 


“$(£)*• 


(14.19) 
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All  formulas  (14.12),  (14. 14) - (14. 17) ,  obtained  are  above  for 
magnetic  waves,  they  are  transferred,  thus,  to  electrical  waves 
during  replacement  of  M  in  (14.13)  to  the  value 

M  «  (14.20) 

«  Despite  all  frequencies  <Pl  it  will  be  of  order  w;  y  there  will  be 
order  wh2c/kh,  and  at  the  critical  frequency  of  components  Hz  it 
disappears. 

For  two  cases  for  which  the  approach/approximation  of  loose 
coupling  even  for  very  small  or  fiat  irregularities  proves  to  be 
insufficient  (in  the  presence  of  critical  section  and  at  resonance 
frequency) ,  are  developed  the  methods  of  solving  the  system  of 
differential  equations  for  wave  amplitudes.  They  are  calculated  the 
reflection  coefficient  during  incidence  in  the  wave  in  critical 
section,  the  amplitude  of  the  parasitic  wave,  scattered  by  irregular 
waveguide  in  the  presence  of  critical  section  for  this  wave, 
amplitudes  of  the  waves,  scattered  on  the  fracture  of  the  waveguide 
of  constant  section  at  frequency,  as  to  close  as  desired  to  the 
critical  frequency  of  the  appearing  parasitic  wave.  In  connection 
with  last/latter  problem  is  found  the  expression  for  a  composite 


1 
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propagation  constant  in  waveguide  with  imperfect  walls,  valid  despite 
I  all  frequencies,  including  the  vicinity  of  critical  frequency. 

l 
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Page  122. 

Chapter  IV. 

RECTILINEAR  IRREGULAR  WAVEGUIDES. 

In  this  chapter  the  developed  above  mathematical  apparatus  is 
applied  to  the  solution  of  several  specific  problems  of  the 

propagation  o*'  waves  into  the  rectilinear  i v,v>e~u"!  special.  Fvr"^n‘,es 

are  chosen  which  illustrate  the  various  peculiarities  the  m°thoi 
transverse  sect.lnns. 

§  1 5.  Twisted  waveguides. 

1.  As  the  first  let  us  examine  joining.  Joining  is  the  special 
case  of  changing  the  cross  section,  with  which  are  changed  not  the 
form  or  value,  but  only  position  or  cross  section.  In  any  section 
duct/contour  C  has  one  and  the  same  formi  the  position  of 
duct/contour  is  determined  oy  certain  angle;  d)  composed  by 
fixed/recorded  relative  to  this  duct /contour  direction  with  x-axis  of 
motionless  system  of  coordinates  x,  y,  z,  Angle  (I»  depends  on  z. 
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<t>=(D(z).  We  will  begin  from  the  computation  of  coupling  coefficients 
in  the  dense  waveguides;  will  be  examined  the  waveguides  of 
rectangular  cross  section  and  the  waveguides  whose  section  is  ellipse 
with  small  eccentricity. 


'  During  the  computation  of  function  v(s),  which  enters  into 

formulas  (9.5),  we  will  not  be  turned  to  the  bulky  methods  of 

t 

■  ’  differential  geometry,  but  we  utilize  an  auxiliary 

5 

reception/procedure,  being  based  on  relationship/ratio  ”v(s)Az=6(s) 
between  the  function  v(s)  and  the  height/altitude  of  step^-  (s)  in 
J  certain  auxiliary  stepped  waveguide  which  in  limit  during  the 

decrease  of  the  height/altitude  of  each  step  will  pass  into  this 
'j  irregular  waveguide.  Let  us  find  first  distance  6  (s)  between  the 


?9I-n 


m 

: 


appropriate  points  of  two  duct/contours,  turned  relative  to  each 
other  to  angle  AT),  and  then  let  us  divide  6(s)  on  Az  and  let  us  pass 
to  limit  Az-*0.  In  this  case,  6  is)  it  is  necessary  to  determine,  it 
goes  without  saying,  only  with  an  accuracy  down  to  the  terms 
first -order  in  Ad>. 


Page  123. 


The  axes  of  the  coordinate  system,  rigidly  connected  with  cross 
section  and  which  rotate  together  with  it  during  motion  along 
waveguide,  let  us  designate  x,  y.  For  the  waveguide  of  rectangular 
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cross  section,  it  is  directed  these  axes  along  the  sides  of 
rectangle,  as  shown  in  Fig.  16a;  in  the  same  figure  is  represented 
the  second  section,  turned  to  angle  A<I>.  From  obvious  geometric 
considerations  it  follows  tnat,  for  exaaple,  on  lower  side,  with  y=0 
6(1)  --Ad)  -t-Ol(A<D)2].  (15.1) 

In  this  case,  it  is  assumed,  that  the  joining  leaves  motionless  the 
central  point  of  section.  If  motionless  was,  for  example  apex/vertex 
x=0,  y=0  (Fig.  16b),  then  instead  of  (15.1)  it  would  be 

6(X)«  AH>.3c-rOl(A<l>)2j.  (15.2) 

In  this  case,  would  change  the  computed  further  coupling 
coefficients.  For  certainty  we  will  produce  calculation  for  a 
joining,  appropriate  Fig.  16a.  After  writing  for  other  three  sides  of 
expression  for  6  (s)  ,  analogous  (15.1),  and  after  passing  to  v(s),‘  we 
will  obtain 

y=--  0  v  (s)  =  —  x  =  g  v  (s)  =  ^  —  y)  <!>'; 

(I5.3) 

y  =  b  v(s)  =  p  —  jf“0  V(s)  = 

where  it  is  marked  —  dQ>/dz. 

The  computation  of  coefficients  S,„,  in  (9.5)  for  any  waves  is 
reduced  now  to  elementary  quadratures.  We  will  be  restricted  to  the 
case  when  the  incident  wave  (numbers  in)  is  principle  wave  of 
rectar gular  waveguide,  i.e.,  wave  Hl0  with  memfcrane/diaphragm 
function  (3.21) 

rt>m  =  /Vm-cos  — . 


(15.4) 


SttiAWfio'i'!' 
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Fig.  16.  a,  b)  the  joining  of  the  waveguide  of  rectangular  cross 


section , 


Page  124, 


There  is  greatest  interest  in  the  communication/connection  of 


this  wave  with  wave  H01,  which  possesses  perpendicular  polarization; 


its  «e»brane/diaphrag*  function  takes  the  forn 


V  —  N1  -  cos  . 
T  b 


(15.5) 


Elementary  calculation  according  to  (9.5a)  and  (15.3-15.5)  gives 


*"n - n*  2 h,  ®  • 


(15.6) 


Let  us  note  that  this  formula  can  be  also  obtained,  calculating 


5/m  not  according  to  (9.5),  but  directly  leaving  from  (8.6),  moreover 


in  (8.6)  after  the  passage  to  the  limit,  discussed  at  the  end  of  the 


fourth  point/item  of  §  8,  does  not  appear  supplementary  contour 


integral.  This  supplementary  contour  integral,  which  contains,  as  it 


is  easy  to  show,  charges  and  longitudinal  currents,  for  two  waves  H01 
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and  H01  in  question  it  is  equal  to  zero.  This  is  explained  by  the 
fact  that  both  charges  and  longitudinal  currents  for  these  waves  they 
are  formed  in  different  sections  of  duct/contcur,  so  that  the 
communication/connecticn  of  these  waves  they  are  formed  in  different 
sections  of  duct /contour,  so  that  the  communication/connection  of 
these  waves  with  each  ether  is  realized  only  by  transverse  currents. 
On  this  same  reason  in  (9.5a)  is  absent  in  this  case  second  term.  Let 
us  note  that  for  this  very  reason  in  this  case,  just  as  for  waves 
in  circular  waveguide,  coupling  coefficient  for  the  waves  of 
opposite  directions  is  proportional  to  a  difference  in  the 
propagation  constants,  as  that  follows  from  (15.6),  and  it  is 
considerably  less  than  for  direct  waves. 

Coupling  coefficient  with  backward  wave  of  the  same  type  0  as 
falling,  is  simplest  to  calculate,  applying  formula  (9.4).  Since  for 
a  joining  wave  number  does  not  change,  the  add/composed  h'm  in  (9.4) 
will  not  be.  Integral  term  is  also  equal  to  zero,  since  on  opposite 
sides  of  section  y=0  and  y=bx{s)  nas  opposite  signs;  therefore 
S-mn.  =  0.  Reflection  coefficient  from  the  section,  twisted  to  small 
angle  Ad>,  is  proportional,  thus,  (AO)2;  for  a  long  joining  with  the 
slowly  changing  angle  <D  it  is  proportional  (O')4..  It  is  easy  to 
check  further  that  the  joining  aoes  not  connect  wave  Ht0  with  waves 
Hna-  Coupling  coefficient  with  otner  waves  it  is  also  easy  to  find 
fro»  (9.5)  and  (15.3). 
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In  the  examination  of  the  waveguides  of  elliptical  cross 
section,  we  will  be  restricted  to  waveguides  with  small  eccentricity, 
close  to  circular  waveguides;  this  will  allow  us  not  to  introduce 
elliptical  functions  and  to  obtain  all  results  in  elementary  form. 

Page  125. 

With  small  eccentricity  tae  duct/contour  of  the  section  in  polar 
coordinates  p,  8  can  be  recorded  in  the  form  (Fig.  17) 

P  —  u  +  /  cos  2P,  (15.7) 

where  positive  value  2,1  «a,  is  connected  with  excentricity  e  by 
relationship/ratio  e2=4Z/a.  Tae  equation  of  the  turned  duct/contour 
is  obtained  by  replacement  in  (1-57)  vectorial  angle  p  on  p— -AG>.  With 
an  accuracy  down  to  the  terms  first-order  in  iA®  inclusively  6 (s)  is 
equal  to  a  difference  in  the  radius-vectors,  which  relate  to  one  and 
the  same  p  for  the  turned  and  unturned  duct/contours.  Passing  to  vis), 
i.e.,  after  dividing  6  (s)  on  az  and  set/assuming  Az*»o,  we  will  obtain 

v  (s)  =  21  sin  2p-<I>'.  (15.8) 

Let  the  incident  wave  be  close  to  wave  Htl  in  circular 
waveguide,  polarized  along  transverse.  With  1  «a  it  is  possible  for 
computing  the  coupling  coefficients  not  to  consider  in  expression  for 
the  membrane/diaphragm  functions  of  the  disturbance/perturbation. 


i 


m 


fir 


'A 
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connected  with  the  difference  ror  section  from  circular,  and  to 
set/assume 

it>m=  AT.Mew>)sinp.  (15.9) 

where  Nn‘  is  given  in  (3.20).  This  -•.pproximation  for 
membrane/diaphragm  function  it  is  possible  to  use  everywhere, 
including  the  points  of  duct/contour,  because  the  duct/contours  of 
ellipse  (15.7)  and  of  circle  p=a  are  not  only  close,  but  also 
comprise  everywhere  small  angles;  the  difference  for  the  eigenvalue 
of  wave  in  slightly  elliptical  waveguide  from  eigenvalue  Pm/« 
(3.19)  for  a  circular  waveguide  will  prove  to  be  essential. 


The  wave,  close  to  wave  H1X  with  the  lattice-type  polarization, 
has  the  membrane/diaphragm  function 

ty1  ^  A 1,Jl  (a/S)  cos  (i.  ( 15. 10) 


The  coupling  coefficient  between  these  two  waves,  computed  on 
(9.5)  and  three  last/latter  formulas,  is  equal  to 


■5/m 


a 

3  —  a 

m 


/  n;„-i 


a 


(15.11) 


the  joining  does  not  connect  direct/straight  and  backward  waves  in 
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slightly  elliptical  waveguide.  Wave  Htl  with  membrane/diaphragm 
function  (15.9)  is  connected  with  all  Hxq  -waves  of  perpendicular 
polarization  and  with  those  Eiq  -waves  for  which  q/^-sinP,  hut  only  for 
wave  Hlt  with  membrane/diaphragm  function  (15.10)  E,m  win  not  be  low 
value,  in  spite  of  the  presence  of  factor  X,  in  (15.8). 

2.  Coupling  coefficients  (15. fa)  and  (15.13)  are  proportional  to 
,  derivative  of  angle  d)  along  tne  length.  If  a  change  in  the  angle  at 
length  a  or  X  is  small,  then  comaunication/connection  is  small.  For  a 
small,  loose  coupling  of  the  amplitude  of  parasitic  waves,  they  are 
found  in  (8.34)  :  this  formula  is  valid,  if  amplitude  pm 
falling/incident  wave  is  not  changed  noticeably  along  transition, 
i.e.,  if  is  correct  solution  (8.32).  There  are,  however,  conditions, 
under  which,  how  not  were  small  the  coupling  coefficients,  the 
amplitude  of  the  incident  wave  all  the  same  noticeably  changes  and 
approach/approximation  (8.32),  (8.34)  proves  to  be  inapplicable.  This 

can  occur  near  degeneration,  to  ne  more  precise,  when  propagation 
constant  of  two  waves,  connected  with  strain,  are  so/such  close,  that 
a  difference  in  phase  change  of  noth  of  waves  in  entire  irregular 
section  *  is  small  or  final.  For  the  joining 

a-~-{hm-h,)L,  (15.14) 

where  L  -  length  of  joining. 


Page  127 
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In  this  case,  the  amplitude  ox  parasitic  wa*'e  takes  finite 
values.  From  a  physical  point  of  view,  this  is  explained  by  the  fact 
that  the  elementary  parasitic  waves,  which  are  formed  in  the 
individual  sections  of  irregular  waveguide  (9  5) ,  store/add  up  with 
each  other  with  a  very  small  paase  difference.  In  turn,  the  opposite 
effect  of  this  parasitic  wave  on  tnat  falling  of  wave  changes  the 
amplitude  of  this  latter,  de  will  study  this  guestion  based  on  the 
example  of  the  twisted  waveguide;  in  the  theory  of  the  curvature  of 
the  circular  waveguide,  we  will  clash  with  it  once  more. 

Let  us  start  the  examination  of  the  conditions,  which  occur 
during  complete  (»=0)  or  incomplete  degeneration,  from  the  study  of 
the  passage  of  wave  H10  in  the  joining  of  rectangular  waveguide, 
waves  Hq j  and  H10  on  the  joining  ox  rectangular  waveguide.  Waves  H0i 
and  Hj«  will  be  in  it  completely  confluent,  if  its  section  becomes 
square  (a=b) . 

The  field  of  these  waves  is  described  by  system  of  equations 
(8.30)  for  the  given  amplitudes.  In  order  to  describe  conditions  near 
degeneration,  it  is  necessary  in  tnis  system  to  preserve  two 
equations,  the  relating  to  direct  waves  numbers  m  and  j 

Pm  -  —  Pi'  P>  SimC"'V  _W  Pm-  ( 15‘  15> 

m 


i 
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During  the  writing  of  this  system,  are  taken  into  account  the 
conditions  of  reciprocity  (8.10). 

Bearing  in  mind  that  S,„t  is  proportional  <!>',  it  is  convenient  as 
the  independent  variable  to  accept  instead  of  z  pitch  angle  (P.  After 
the  substitution  of  expression  (15.6)  for  ■$.<„  equation  (15.15)  they 
take  the  form 


dPm 

dm 


=  -*\f  r  APme‘n'  ~ w  • 

d<l>  )  "■) 


(15.16) 


where  through  A  is  designated  value 


A  _  8  hm+h, 

rtzyfWi ' 


(15.17) 


End  conditions  for  system  (15.16),  according  to  (8.31),  take  form 
Pm{ 0)=1.  P/(0)==0. 


Exponential  factors  in  (15.16),  are  proportional  to  z,  since 
hm  and  hl  they  do  not  depend  on  z.  The  solution  of  s/stem  (15.16) 
depends  on  the  form  of  joining,  i.e.,  from  the  form  of  the  function 
<3D(e).  Let  us  examine  for  certainty  the  uniform  helical  joining  in 
which  <D  is  proportional  to  z: 

<D  =0-. 

L* 


(15.18) 
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Here  0  -  complete  angle  cr  rotation.  In  this  case,  in  (15.16)  it  is 
possible  to  substitute 

T/  Tm  (15.191 

where  parameter  q,  which  plays  the  significant  role  in  further 
analysis,  it  is  equal  to  the  ratio  of  complete  phase  change  a  to 
complete  angle  of  rotation  0: 

<l=f-  (15.20) 

According  to  (15.14),  parameter  q  can  be  also  defined  as  the 
ratio/relation  to  a  difrerence  in  the  propagation  constants  (ftOT  — A,)  to 
angle  of  rotation  to  the  unit  of  ienqth  9/L.  the  first  of  these 
values  characterizes  local,  i.e.,  not  depending  on  the  length  of 
joining,  nearness  to  degeneration  conditions,  the  second  -  local  rate 
of  change  in  the  properties  or  waveguide. 

Low  values  I'/l  mean  that  tne  conditions  are  close  to 
degeneration,  q=0  corresponds  to  the  complete  degeneration  which  can 
be  only  in  square  waveguide.  If  then,  as  we  now  will  see, 

degeneration  is  virtually  removed.  Thus,  the  effect  of  strain  is 
determined  not  by  angle  of  rotation  per  the  unit  of  length  e/L  -  to 
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this  value  are  proportional  coupling  coefficients,  hut  by  the 
relationship/ratio  between  it  and  difference  Ah.  This 
relationship/ratio  is  characterized  by  parameter  q. 


The  solution  of  system  (15.16)  for  the  given  amplitudes  Pm  and 
Pi  under  condition  (15.19)  is  located  by  elementary  shape.  The  value 
of  peak-tos-peak  amplitude  Pm  and  fii  at  the  end  of  the  joining, 
i.e.,  with  z=L,  <b  =  0,is  determined  then  froa  (8.29).  These  amplitudes 
prove  to  be  equal  to 


“fii-*"/  , 
v  —i  ■  L, 

Pm  —  I  cos  x  -j-  —  sin  x  )  e  1  ; 

\  2v.  I 


Pj~ - -sinx-e  1 

y. 


(15.21) 


Here  through  ?•  is  designated  value 

x  -  0  V A'  +  q1/ 4.  (15.22) 

Let  us  assume  first  in  solution  (15.21)  q=0.  Then 


Pm  —  cos  —  d>;  P,  ■■=  —  sin  —  <D. 

n~  si" 


(15.23) 


Page  129. 


In  proportion  to  advance  along  the  twisted  waveguide,  the  wave  energy 
completely  is  pumped  over  from  wave  H,0  into  wave  H0J  and  vice  versa, 
complete  transition  occurs  through  each  ir3/16  radian,  i.e.,  through 
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111°.  It  is  easy  to  show,  being  oasea  to  (15.16),  that  this  result, 
valid  for  a  square  waveguide  (i.e.  when  r/--rm  =*  0)‘  it  is  retained  with 
any  dependence  <D(z). 

* 

With  final  ones  \q\  the  amplitude  of  parasitic  wave  is  always 
lower  than  unity,  occurs  the  periodic  pumping  over  of  the  part  of  the 
energy.  The  maximum  energy,  transferred  by  wave  Hot,  is  equal  to 

- (15.24) 

.j. 

4 

finally,  when  when  total  phase  change  at  entire  length  of 

joining  a  is  great  in  comparison  With  common  pitch  angle  6*,  the 
amplitude  of  parasitic  wave  is  equal  to 

\Pj\  —  l—slnxl.  (15.25) 

I  i  I 

FOOTNOTE  1 .  This  case  is  examined  for  the  first  time  in  the  article 
of  Sveshnikov  [20].  ENDFCOTNOTE. 

This  result  is  obtained  also  aurinq  computation  on  formula 
(8.34),  which  relates  to  tee  case  of  loose  coupling.  Thus  when  a 
difference  in  the  propagation  constants  is  sufficiently  great  (more 
precise,  when  |?|_>  1).  the  aapli'-uae  of  parasitic  wave  is  inversely 
proportional  to  this  difference. 
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The  disturbance/perturoatiori,  caused  by  twisting,  can  be 
characterized  not  only  by  the  amplitude  of  parasitic  wave  with 
perpendicular  polarization,  out  also  by  change  of  the  propagation 
constant  of  the  incident  wave.  The  phase  of  fundamental  wave  H10  at 
output  it  is  easy  to  find  from  solution  (15.21) .  After  dividing  it  to 
the  length  of  section  L,  we  will  ontain  the  value  which  can  be 
call/natned  the  effective  propagation  constant  of  the  incident  wave  in 
the  twisted  section.  When \q\  >  1,  |g|  >  1,  far  from  degeneration 
conditions,  this  value  is  egual  to 

h«  +  A'u—h -hr-  05.26) 

u  nm  nj 

Generally  speaking,  the  changes  in  the  propagation  constant, 
proportional  1/L2,  will  arise  due  to  communication/connection  with 
all  waves,  including  even  with  tne  nonrunning  waves.  However,  from 
formula  (15.26)  it  is  evident  tnar  most  essential  will  be  the  effect 
of  those  waves  whose  propagation  constant  are  close  to  hm  and  for 
which  will  be  low  the  coupling  coefficient. 

Page  13C. 

Virtually  almost  always,  wheu  a  change  of  the  effective  constant  of 
the  propagation  of  wave  in  joining  not  is  very  small,,  for  its 
computation  it  suffices  to  consider  only  interaction  with  wave  H0i. 
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Formula  (15.26)  can  be  obtained  also  by  ether  means.  For  this, 
it  is  necessary  to  examine  the  so-called  its  own  waves  of  the  twisted 
waveguide,  i.e.,  the  waves,  which  are  propagated  along  this  waveguide 
without  distortion.  They  are  defined  as  such  solutions  of  systems 

(15.16)  ,  for  which  P,n{z)  and  P  ,{z)  they  have  identical  dependence  on  z. 
Their  own  waves  do  not  satisfy  usual  end  conditions,  and  with 
incidence/drop  from  the  side  of  the  regular  waveguide  of  wave  in 
joining  will  arise  all  their  own  waves. 

The  propagation  constant  of  one  of  its  own  waves,  as  it  is  easy 
to  find  from  (15.16),  is  equal  to 

hm  +  (  YTT'&Fi ?  - 1 }.  (15.27) 

Since  this  formula  is  obtained  from  the  system  of  two  equations 

(15.16) ,  then  it  is  alsc  valid  only  on  the  assumption  that  it 
suffices  to  consider  only  communication/connection  of  two  waves. 

When  | <7 1 - oc ,  in  the  absence  of  communication/connection,  value 
(15.27)  approaches  the  propagation  constant  h„,  of  wave  H10,  and  the 
corresponding  its  own  wave  passes  into  this  wave.  When  is 

rubbed  the  difference  between  its  own  waves  and  waves,  which  appear 
in  irregular  section  during  incidence  on  it  in  the  wave  from  regular 
waveguide,  and  propagation  constant  (15.27)  passes  in  this  case  into 
effective  propagation  constant  (15.26) . 
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If  the  section  of  waveguide  is  close  to  square  ja  —  6j<a,  but 
length  L  is  so/such  great,  which  is  correct  (15.26),  then 

for  an  effective  propagation  constant  is  obtained  the  simple 
expression: 

(,5'28'> 

TOOTNOTE  In  this  expression  passes  with  a-b<<a  formula  (45)  of 
Levin's  article  [17],  in  wnica  were  determined  propagation  constant 
of  their  own  waves  far  from  degeneration  conditions.  Formula  (15.27) 
is  the  generalization  of  Levin's  formula  [17(45)],  valid  with  any  g, 
if  only  it  is  possible  to  ne  restricted  to  interaction  of  two  waves. 
ENDFOOTNOTE. 

3.  Let  us  examine  now  twisted  slightly  elliptical  waveguide  and 
communication/connection  of  two  waves  Htl  polarized  on  larger  and  to 
minor  axes  of  ellipse.  Ve  will  be  restricted  again  to  helical  joining 
for  which  pitch  angled)  is  proportional  to  z  (15.18).  Amplitudes  of 
both  of  waves  in  this  waveguide  are  described  by  the  same  formulas 
(15.21),  in  which,  acccrding  to  (15.13),  it  is  necessary  now  to 
assume 

* 

Page  131. 


ftt  the  end  of  the  twisted  section  two  waves  of  the  type  H» t  with 
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mutually  perpendicular  polarization  and  some  difference  of  phases 
form  elliptically  polarized  wave.  The  total  field  at  output  is 
convenient  to  describe  in  the  terms  of  the  so-called  ellipse  of 
polarization.  The  determination  or  its  cell/elements  from  amplitudes 
and  phases  of  oscillation/vibrations  in  two  mutually  perpendicular 
directions  which  are  given  in  (15.21),  is  conducted  on  usual  optical 
formulas.  The  axes  of  this  ellipse  of  polarization  are  equal  to 

|£«aKc|  =  |/^; 

r  =  ]/l  —  °-^sin*x.  (15.29) 

The  angle  90  of  the  rotation  of  the  transverse  of  polarization 
relative  to  the  direction  of  the  polarization  of  the  incident  wave  is 
found  from  the  equation 

tg  2  (0o  —  0)  - - *sin2Vv  <I5-30) 

0  (cos  2x  4-  -J) 

Another  characteristic  of  the  disturbance/perturbation,  caused 
by  joining,  is  the  component  of  complete  field  at  output  in  tL? 
direction,  which  composes  a  right  angle  with  the  direction  of  the 
polarization  of  the  incident  wave.  With  an  accuracy  to  fact-  r 
this  value  is  egual  to 

B  —  —  —  sinxcosQ-}-sinOcosx  +  i—  sinxsinO.  (15.31) 

y,  +  2k 

Last/latter  three  formulas  give  the  complete  description  of 
field  at  the  output  of  irregular  section  and  they  make  it  possible  to 
analyze  thoroughly  the  disturbance/perturbation,  caused  by  joining. 
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In  Fig.  18  they  are  represented  |£»»m|  (solid  lines)  and  !£»•«! 
(broken  lines)  in  the  function  of  complete  pitch  angle  for  several 
values  a ,  and  in  Fig.  19,  value  1^1- 

With  small  |a(  (|c|C  1)  the  angle  of  rotation  of  the  transverse  of 

-  * 

polarization  0O  is  small,  order  o*|£„aKC|-~l,  and  |£«h«|  is  in  effect  equal 
to  |B|-  Valne  B  in  this  case  is  equal  to 


o  is  sin:0 
B  2~ 


(15.32) 
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Under  these  conditions  tae  incident  field  is  disturbed  very 
little,  and  since  waveguide  itself  is  also  close  to  circular,  then 
the  value  of  the  component  of  perpendicular  polarization  (15.32)  can 
be  obtained  also  by  the  simple  methods  of  perturbation  theory.  For 
this,  it  is  necessary  the  twisted  waveguide  to  present  as  the 
sequence  of  the  regular  sligntiy  elliptical  waveguides  of  the  lengths 
Az.  whose  major  axes  are  turned  to  angle  d>(e)  relative  to  the 
direction  of  the  polarization  of  the  transmitted  wave,  and  this 
direction  and  amplitude  cf  tne  transmitted  wave  to  consider  constant. 
The  value  of  the  component  of  field  in  perpendicular  direction, 
forming  with  the  passage  of  eacn  section  of  slightly  elliptical 


$j  - 
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waveguide,  is  easy  to  find  from  usual  optical  formulas, 
decom pose/expanding  the  incident  wave  to  two  waves,  polarized  along 
the  axes  of  ellipse,  and  taking  into  account  a  difference  in  phase 
change  of  these  waves  (for  example,  see  the  article  of  Sandsmark 
[86]).  The  resulting  value  B  the  components  of  field  in  perpendicular 
direction  at  output  is  obtained  ny  the  addition  of  these  small 
components,  moreover  due  to  condition  joj^l  it  is  not  necessary  to 
consider  a  supplementary  phase  difference  during  propagation  from 
cell/element  z  to  the  end/lead  of  the  section.  In  this  way  with  any 
form  of  the  function  <I>(z)  it  is  obtained 

=  lhr.h.^L^m2Q>dz.  (15.33) 


For  helical  joining  (15.33) 


it  passes  in  (15.21). 
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Fig.  18.  Axes  of  the  ellipse  of  polarization. 

Key:  (1) .  rad. 

Fig.  19.  Depolarisation  at  tne  end  of  joining. 

Key:  (1)  .  rad. 

Page  133. 

Formula  (15.33)  can  oe  used  for  statistical  approach  to  the 
problem,  when  the  direction  of  the  axes  of  ellipse  in  each  section  is 
random  function  from  z.  Total  depolarized  effect  of  any  irregular 
section  is  proportional,  according  to  (15.33),  the  average  on  this 
section  fro*  sin2<D(<j. 
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According  to  (15.32),  for  a  helical  joining  with  that 
fix/recorded  MCI,  value  l#l  increases  with  growth  9  to  value  of 
0=67°,  when  it  takes  maxinua  value  0,42  |s|.  This  value  only  for  15o/o 
is  less  than  maximum  value  l#|  with  given  one  w,  equal,  according  to 
(15.33),  0,5  | o|.  (laximua  value  is  reached  for  regular  elliutical 
waveguide  whose  axis  is  turned  relative  to  the  direction  of 
polarization  of  incident,  wave  on  *=v/4.  * 

At  the  finite  (not  small)  value  of  total  phase  change  «,  the 
character  of  field  at  the  output  of  irregular  section  depends  on 
parameter  q.  Generally,  if  g=0,  tnen  the  isolation/liberation  of  two 
mutually  perpendicularly  polarized  waves  becomes  conditional,  total 
field  in  any  section  coincides  with  the  field  of  the  incident  wave. 

ItflCl  (and  finite  value  M)  the  communication/connection  between 
both  waves  is  great,  occurs  noticeable  energy  transfer  between  them, 
almost  completely  compensating  for  the  rotation  of  the  plane  of  the 
polarization  of  these  waves,  so  tnat  the  plane  of  the  polarization  of 
total  field  barely  changes. 

Only  at  finite  (net  small)  value  of  both  of  parameters  of 


problem  a  and  q  the  passing  field  strongly  is  agitated  and  formula 
(1533)  and  (15.32),  obtained  from  the  theory  of  the  slight 
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disturbances,  they  prove  to  oe  inaccurate.  At  sizable  M  and  finite 
values  \q\  is  especially  noticeable  the  elliptical  polarization  of 
field  at  output.  With  growth  |<?|  decreases  the 

conaunication/connection  between  two  waves,  caused  by  joining.  When 
the  wave  remains  almost  plane-polarized,  its  depolarisation  is 

small 

I  £„«h/Zw !  -  2 sin*x/ \q |  «  1.  ( 15.34) 

The  plane  of  polarization  is  turned  to  angle,  only  by  a  little 
smaller  than  the  angle  of  rotation  9  of  the  axis  of  the  section  of 
waveguide.  Finally,  when  ] <7 !  —  00  wave  strictly  follows  the 
screw/propeller,  just  as  in  rectangular  waveguide  it  is  far  from 
degeneration. 

Let  us  note  on  conclusion  cf  this  paragraph,  which  on  formulas 
(9.5)  and  (15.8)  is  easy  to  also  find  coupling  coefficients  between 
any  two  waves  in  slightly  elliptical  waveguide.  For  example,  for  two 
waves,  analogous  Etl  to  toe  waves  in  the  waveguide  of  round  section, 
polarized  along  the  axes  of  tne  ellipse  of  section,  coupling 
coefficient,  as  for  two  waves  Hxl,  it  is  equal  to  <I)'-  Therefore 
during  incidence  in  wave  Elt  on  the  joining  of  slightly  elliptical 
waveguide,  will  be  fulfilled  the  same  relationship/ratios,  as  in  the 
examined  above  problem  ct  an  incidence  in  wave  Hlt. 
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In  these  two  cases  are  distinct  only  relationship/ratios  between  a 
difference  in  the  propagation  constants  ht—hm  and  the  amour,.  of 
strain  Z/a.  For  two  waves  h41,  according  to  (15.12),  it  will  be 

h,-km~  1.8 ~  •  (15.35) 

while  for  two  waves  Etl,  numerical  coefficient  in  the  same  formula  is 
equal  to  one. 

6  16.  Transitions  between  circular  ones  or  between  rectangular 
waveguides  of  different  ones  section. 

1.  Let  us  examine  education/f ormaticn  of  parasitic  waves  in 
irregular  section  of  waveguide  witn  changing  round  or  rectangular 
cross  section. 

The  amplitudes  of  parasitic  waves  are  given  by  formulas  (8.34) , 
if  this  parasitic  wave  can  ne  propagated  in  narrow  waveguide,  and  by 
formulas  (12.20),  if  we  it  are  propagated  cannot.  If  generatrix  of 
waveguide  has  fractures  at  tne  end/leads  of  the  irregular  section, 
then  for  amplitude  are  obtained  explicit  expressions  -  binomial 
formulas  (8.37)  or  (12.22).  Coupling  coefficients  in  general  form  are 
given  in  (9.5). 
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In  this  point/item  are  given  expressions  for  the  coupling 
coefficients  5/m,  calculated  according  to  formulas  (9.5)  for  the 
waveguides  of  round  and  rectangular  cross  sections.  As  in  (9.5),  the 
first  of  the  given  below  formulas  (a)  is  related  to  the  case  when 
both  of  magnetic  type  waves,  the  second  (b)  -  to  the  case  when  they 
electrical  types  both,  and  tne  third  (c)  -  to  the  case  when  the  wave 
m  -  magnetic  type  number,  and  tne  wave  of  number  j  -  electrical, 
upper  sign  is  related  to  direct  waves,  h/> 0,  lower  -  to 
reverse/inverse  ones ,  , A,  0.  During  the  writing  of  these  formulas,  it 
was  assumed  that  noth  waves  in  question  are  propagated  without 
attenuation,  i.e.,  that  hm  and  h,  they  are  real. 


Por  ci*  <;ular  waveguides 


v  (±  -r  ( 1  ft,  1  Am  T  fe~)  n-g* J 


!  hj  |  (  |  h,  |  *  hm)  a*/, i«  -  n*  \Ttfn  -  «*  ’ 
V(**T  I 


5/m  ~ 
5/m  =  -F 


,m' ! \h,\(\h,\^hm)o't 
_ vkn _ 

I  hj  I a  V\lm  —  n1 


(16. 1  a) 


> 

(16. 1 6) 


(16.1  c) 
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According  to  (9.5),  during  incidence  in  any  wave  appear  only 
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parasitic  waves  with  the  same  first  index  n,  which  are  determining 
the  dependence  of  fields  on  azimutaal  angle,  that  also  in  that 
falling  they  are  water.  With  n=0  appear,  it  goes  without  saying,  only 
waves  of  the  same  type,  as  failing.  This  fact  is  the  illustration  of 
general  consideration,  according  to  which  under  any  law  of  a  change 
in  the  radius  of  circular  waveguide  the  symmetrical  waves  of 
electrical  and  magnetic  types  are  propagated  independently. 

Coupling  coefficients  of  any  z  proportional  to  v  -  to  slope 
tangent  of  generatrix  witn  given  z.  However,  expressions  for  the 
amplitudes  Ph  by  which  we  higuer  than  referred,  were  valid  only  with 
small  v  and  with  an  accuracy  down  to  the  terms  first-order  in  v; 
applying  in  these  expressions  of  tne  formula  of  this  paragraph;  it  is 
possible  therefore  in  them  to  consider  it  as  v  equal  to  the  angle 
between  the  forming  and  axis  of  waveguide. 

For  rectangular  waveguides  we  will  examine  in  order  not  to 
complicate  recording,  only  such  transitions  in  which  both  narrow 
walls  in  any  section  form  to  z~axis  the  identical  angles  arctgvlt 
but  both  wide- identical  angles  arctg  The  value  of  narrow  wall  is 
equal  to  b,  value  of  wide  is  equal  to  a,  so  that  v,  =  da/2dz,  v,  —db/2dz. 

In  this  transition  tne  coupling  coefficient  of  two  waves  is 
different  from  zero  only  when  one  of  the  indices  of  parasitic  wave 
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coincides  with  corresponding  index  of  the  incident  wave,  and  the 
second  pair  of  indices  has  identical  parity.  In  this  case,  the 
coupling  coefficient  with  the  aapiitude  of  parasitic  wave  they  are 
proportional  v„  if  in  torn  waves  coincides  index  q,  which  is 
determining  the  dependence  of  fields  on  the  coordinate,  parallel  to 
narrow  wall,  i.e.,  the  second  index  in  (3.21);  if  coincide  the  first 
indices  (n)  ,  then  coefficient  S/m  will  be  proportional  v4.  Therefore 
in  given  below  formulas  (16.2)  it  is  necessary  to  retain  either  only 
first  term/component/addend,  proportional  v,  (if  qt  =  qm,  and  - 

even  number),  or  only  second,  proportional  v*  (if  '*/  —  '*■».  and  q,-Yqm  - 
even  number) .  only  coupling  coefficients  for  backward  waves  contain 
both  of  angles.  Thus,  for  instance,  during  incidence  in  wave 
//i0(rim  1.  <7m  =  0) are  formed  waves  H30,HS0,...  both  of  directions  with 
the  amplitudes,  proportional  '*„  wave  Hiz,H14,...  S|2,E14I...  both  of 
directions  with  the  amplitudes,  proportional  v.,  and  the  wave  Hto 
reflected  whose  amplitude  contains  and  v,  and  v»- 

Page  136. 

Coupling  coefficients  are  equal  to 
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c  w  t  r .  ii.  c  , 

"  “  iii,l(5r^j'iv,[- W  "  + 

( !  ht  j  hsn  +  A:2)  — Ij  V.  f  -J-  a;< xjna  <•„  ( |  h,  \  hn  'Z  k-) 


(16.2a) 


J/m 


(r-  T  |  h, !  hj  f  v  y,MM  .  Vj  .  ( 16 

'  ‘  2  j  A/ 1  ( |  /t#  j  */!„,)  [  2  b-  )' 

t 

s'"“i-iiV-hT  +  v=T)’  ('6-2c) 


where  normalizing  factors  A  and  N  are  given  in  (3.23) 


2.  let  us  examine  in  soaewnat  more  detail  guestion  concerning 
reflection  of  fundamental  wave  H10  of  rectangular  waveguide  from 
section  with  alterna ting/vac iaoie  section.  Recording  to  (8.34),  the 
coefficient  of  reflection  H  is  egual  to 


“**■  j  -m- 


dz. 


(16.3) 


Coupling  coefficient,  accordingly  (16.2a),  can  be  recorded  in 
the  form 


*S—  mm  — 


1  db  it2  da 


2b  dz  2a'hi,  dz 


(16.4) 


It  is  easy  to  show  that  in  this  form  the  expression  for  S.  mm 
for  wave  Hl0  is  correct  during  any  change  _n  the  section  duriag  which 


is  retained  constant /invanaole  the  direction  of  sides,  in  particular 
with  the  asymmetry  of  the  section  of  relatively  constant  axis. 


DOC  =  79024308 


FAGE^*^ 


The  coefficient  of  reflection  of  wave  Hl0  from  coupling  of  two 
rectangular  waveguides  witn  close  sections,  according  to  (16.4),  are 
equal  to 

(16.5) 

.  2  \b  a  a*him  ) 

To  formulas  (16.3)  and  (16.5)  it  is  possible  to  give  the  same 
form  which  have  the  formulas  for  a  reflection  coefficient  in  the 
heterogeneous  Ijng  line,  characterized  by  the  wave  impedance  of  W (z) . 
As  is  known,  in  the  same  approach/approximation  in  which  it  is 
written  (to  16.3),  reflection  coefficient  from  the  section  of  long 
line  with  alter nating/vanaule  wave  impedance  is  equal  to 
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Reflection  coefficient  from  the  connection  of  two  lines  wave 
impedance  of  which  differ  on  AW,  is  equal  to 

*  <16.7) 


R  --  *?- 


Formula  (16.6)  will  pass  into  formulas  (16.3)  and  (16.4),  and 
simultaneously  formula  (16.7)  will  pass  in  (16.5),  if  we  for  the  wave 
impedance  of  wave  Hl0  in  the  waveguide  of  rectangular  cross  section 
accept  the  expression 


W  =  C 


(16.8) 


where  C  does  not  depend  ou  a  and  b. 


This  expression  is  applicable,  however,  only  during  the 
computation  of  the  coefficient  of  reflection.  It,  it  goes  without 
saying,  cannot  be  applied,  for  example,  to  a  question  concerning  the 
communication /connection  between  tne  current,  the  voltage  and  the 
energy  flow,  transferred  in  waveguide1. 


FOOTNOTE  *.  It  is  inadmissible  also,  as  this  sometimes  is  proposed 
(for  example,  see  [87-90  ]),  to  use  the  usual  in  energy  questions 
expression  W=Cb/ah  for  computation  R  concerning  formulas  (16.6)  or 


SiiBEBiS 


DOC  =  79024309 


PAGE  &'> 


(16.7).  Let  us  note  that  the  existing  experimental  material  [87-89] 
does  not  make  it  possible  to  determine  dependence  of  W  in  (16.6-16.7) 
on  a.  ENDFOOTNOTE. 


Let  us  note  that  expression  (16.3)  for  the  coefficient  of 
reflection  of  any  wave  in  any  waveguide  can  be  recorded  in  the  form 
(16.6),  after  determining  tne  wave  impedance  cf  «(z)  by  the 
relationship/ratio 


d  In  W  1  „ 


(16.9) 


In  this  case,  the  reflection  coefficient  from  coupling  of  two 
waveguides  with  close  sections  can  be  will  be  recorded  in  the  form 
(16.7)  . 


If  generatrix  of  the  irregular  section  of  rectangular  waveguide 
has  a  fracture,  then  integral  expression  (16.3)  is  reduced  to  a 
binomial  formula  of  type  (8.37).  Let  us  extract  first  term  of  this 
formula 


2h„ 


(16.10) 


obliged  to  fracture  in  the  neginning  of  transition.  Sometimes  in  the 
literature  this  value  is  called  "reflection  coefficient  from 
coupling".  According  to  (16.4),  this  value  is  equal  tc 

(16.11)- 


2h*ma’ 
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First  term  in  (16.11)  describes  the  so-called  "reflection  from 
expansion  in  E-plane”,  the  second  -  "reflection  from  expansion  in  the 
H-plane” .  Formula  (16.11)  was  repeatedly  obtained  by  different 
methods1 . 


FOOTNOTE  *.  In  Levin’s  cook  [2]  is  erroneously  found  the  coefficient 
when  in  '16.11);  Pifke  £  J  ]  inuicated  the  reason  for  the  error  in 
[2].  endfoo:::ote. 


For  a  fundamental  cable  wave  an  fiat/plane  waveguide,  the  "reflection 
coefficient  from  expansion”  (16.10)  is  equal,  as  it  is  easy  to  check, 
to  first  term  in  (16.11),  in  which  it  is  necessary  to  replace  /i„,  by 


3.  Let  us  give  several  examples  of  application/use  of  obtained 
in  first  point/item  formulas  tor  coupling  coefficients.  On  this,  to 
formulas  it  is  possible  to  calculate  the  amplitudes  of  the  scattered 
waves  for  any  concrete/specific/actual  system:  the  given  below 
curve/graphs  must  only  illustrate  the  general  character  of 
phenomenon. 


Let  us  give  first  expression  tor  phase  factors  y,{z)  in  the 
transitions,  in  which  generatrices  are  straight  lines,  i.e.,  v  does 


not  depend  on  z. 


■ 
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As  the  first  example  let  us  examine  the  transition  from  square 


waveguide  (b=a)  into  rectangular  with  the  ratio/relation  of  sides 


b/a=1/3. 


Page  139. 


Let  us  assume  that  changes  only  is  indicated  the  side,  6(2)  =  6(0)  !-2v.2, 


and  wide  side  is  constant,  i.e.,  vt  =  0  (Pig.  20).  From  the  side  of 


wide  waveguide,  falls  wave  til0.  Frequency  lie/rests  within  the  limits 


l/§*r<ka<3ir.  In  this  case,  will  arise  waves  E12  and  H12.  Critical 


section  for  them  at  highest  frequency,  i.e.,  with  ka=3r,  lie/rests 


approximately  at  a  distance  or  6/b  from  the  beginning  of  wide 


waveguide:  at  the  second  ena/lead  of  the  range,  with  ka=/5ir,  it 


lie/rests  at  the  very  beginning  of  transition,  and  these  waves  are 


not  formed.  Have  amplitude  ti12,  wnich  exits  into  wide  waveguide,  is 


calculated  from  (12.22)  witnout  integral  tera/coaponent/addend.  It  is 


equal  to 


(16.13) 


Let  us  note  tnat  the  coupling  coefficient  cf  wave 
Hia  with  H10  when  v,  —  0  does  not  contain  in  the  denominator  of  wave 
number  h /  wave  H1Z  and  does  not  go  to  infinity  near  the  critical 
section  where  hj  —  0.  Therefore  (16.13),  in  contrast  to  given  telow 
expression  (16.14)  for  wave  amplitude  E t2,  applicably  with  how 
conveniently  small  distance  between  the  oritical  section  and  the 
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beginning  of  wide  waveguide,  i.e.,  with  as  small  as  desired  h,( 0).  It 
goes  without  saying,  other  coupling  coefficients  are  turned  for  this 
wave  into  infinity  when  h,— „ 0;  in  particular,  S_//-*co,  and  entire 
examination  §11  and  12  remains  valid. 

Wave  amplitude  Et2  is  eyual  to 

/>_/(0)  = 

_ 1 (T ">  —'•>  .  1  .  1\ 

(16.14) 

This  formula  is  valid,  i±  /»> (0)  not  is  too  small,  otherwise  it  is  not 
possible  to  disregard  integral  rera/compcnent/addend  (12.23). 

The  module/raoduli  of  amplitudes  (16.13)  and  (16.14)  when 
v2  =  —  0,1  are  represented  in  Fig.  21.  The  upper  curve  is  related  to 
wave  Ej 2 #  its  amplitude  approximately  two  times  of  more  than  wave 
amplitude  H12. 
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Fig.  20.  Transition  from  wide  waveguide  to  narrow. 
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Let  us  examine  further  the  waveguide  of  circular  section.  The 
coefficient  of  reflection  of  wave  H41  from  direct/straight  round  cone 
p  —  P~m(0)i.s  equal  (in  the  absence  of  critical  section  for  this  wave) 

Pm-MAH  >*'-)  «* 


d| 

L  O*  L  L  )’ 


(16.15) 


where  Hm=*l,84.  Hodule/mcdulus  p  is  represented  in  Fig.  22  when 
v  =  — 0,1  in  function  ka  (L)  for  two  values  of  the  ratic/relaticn  of 
radii  of  waveguides.  Curves  have  the  oscillatory  character,  since, 
according  to  (16.15),  p  is  equal  to  the  sum  of  two  interfering 
term/conponent/addends,  that  relate  at  the  beginning  and  toward  the 
end  of  the  transition.  However,  the  terra,  which  corresponds  to 
narrower  end/lead,  predominates,  sin'-e  in  the  denominator  of  formula 
(16.15)  will  cost  the  high  degree  of  a  radius.  Of  oscillations 
sufficiently  rapid,  since  the  phase  of  second  term,  is  approximately 
equal  to  2kL,  rapidly  it  is  caanged  with  k. 
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Fig.  22.  Coefficient  of  reflection  of  wave  Hj,. 


Page  141. 


The  coefficient  of  reflection  of  wave  Hol  frca  any  symnetrical 
transition  in  the  absence  of  critical  section  can  be  calculated 
according  to  the  integral  foruula 


P 


1  f  1  dhm  , 

0  dz' 
o 


(16.16) 


of  following  from  (8.34)  ana  coraula  (9.4),  in  which  for  tnis  wave  is 
absent  second  term.  For  a  cone,  integrating  (16.16)  in  parts  and 
substituting  the  explicit  vft;ue  of  wave  number,  we  obtain  after  the 
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simple  transformations 


where  p„,  =  3,83.  The  nodule/modulus  of  this  value  is  represented  in  Fig. 
23  as  function  ka  (L)  of  value  *a(L)  =3.83  to  ka(L)=5.  The 
ratio/relation  of  radii  ct  waveguides  is  accepted  egual  to  two, 
a(0)/a(L)=2,  the  slope  tangent  of  generatrix  v  =  —  0,1. 


Hf  product  k«a(L)  ,  only  a  little  exceeds  pm,  then  formula 
(16.17),  it  goes  without  saying,  not  valid.  In  this  case,  it  is 
necessary  to  use  formulas  (11. 3^)  and  (11.17).  These  formulas  make  it 
possible  to  trace  change  p  with  frequency  from  the  low  values,  given 
by  formula  (16.16),  or,  wnich  is  the  same  thing,  (11.31),  to  value jp  I 
=1.  For  wave  H01,  parameter  A  in  (11.18)  is  equal  tc  (— 2v/pm)‘A1  the 
substitution  of  the  value  v  accepted  gives  A=0.23,  and 


—  tL  -  3,74  [k  a(L)  — 


(16.18) 


The  curves,  computed  on  (11.32)  (shaded  line  in  Fig.  23)  and  on 
(16.17)  (solid  line)  pass  well  into  each  other.  Application/use  of 
more  complex  formula  (11.34)  instead  of  (11.32)  would  give  even 
better  agreement. 
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Fig.  23.  Coefficient  of  reflection  of  wave  Hl0. 

Page  142. 

Fig.  24  is  taken  from  a.  B.  Vaganova's  article  [91].  Curves  give 
wave  energy  Etl  in  decibels  witn  respect  to  energy  of  the  incident 
wave  Hu  with  the  incidence  in  wave  H41  on  direct /straight  round 
cone.  Radii  of  two  waveguides,  connected  by  cone,  are  equal  to  with 
respect  1.5  and  2.5  cm.  Upper  curve  is  related  to  the  case  when 
v  =  —  (length  of  cone  it  is  equal  to  20  cm),  lower  -  to  case 

v  —  0,11  (length  of  cone  it  is  equal  to  9  cm).  Curves  are  calculated 
according  to  formula  (12.22)  without  integral  term/component/addend. 
Points  plotted/applied  the  experimental  results:  in  the  limits  of 
measuring  errors,  they  satisfactorily  will  agree  with  theoretical 
curves. 


4.  Formula  (16.16)  is  valid  also  for  determining  coefficient  of 
reflection  of  wave  H01  from  symmetrical  dielectric  transition,  which 
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connects  enpty  and  that  tilled  by  uielectric  transition  connecting 
the  parts  of  the  circular  waveguide  which  are  not  filled  and  foiled 
with  the  dielectric.  This  follows  from  the  comparison  of  expressions 
(8.17)  for  tim  and  (8.16),  written  for  iith  constant  magnetic 

permeability  p= 1,  these  expressions  are  characterized  by  common 
factor  -  1/2 Am  and  sign,  with  whicn  enters  term/component/addend  (£”)*. 
For  symmetrical  magnetic  waves  witn  symmetrical  filling  £;S0,  and 
therefore 

S—mm  - - h'nj2hm.  (16. 19) 

From  this  formula  and  common/general/total  expression  (8.34)  follows 
expression  (16.16)  for  a  reflection  coefficient  from  dielectric 
device. 
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Fig.  24.  Save  energy  Etl, 
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^he  waveguide  of  cciparison  ror  the  irregular  waveguide  c£  Fig. 
25  is  waveguide  with  the  dielectric  rod  of  Fig.  26.  In  the  articles 
of  Yu.  N.  Kazantseva  [92]  and  Van  Uuan-Cjo  [93]  were  determined  the 
value  hm  for  wave  H0l  in  tnis  waveguide  at  the  different  values  of  a 
radius  of  rod  b.  According  to  obtained  function  h ,.,(/>)  were  calculated 
the  coefficients  of  reflection  p  rros  the  inserts  of  various  forms; 
was  investigated  the  dependence  p  on  form  and  material  of  insert. 

Fig.  27  it  is  borrowed  xroa  article  [92].  Curve/graph  gives  the 
frequency  dependence  of  tne  coefncient  of  reflection  of  wave  H0» 
from  the  polystyrene  cone  aith  a  iength  of  1GC  ■■  in  waveguide  with  a 
radius  of  25  am.  By  cresses  are  noted  experimental  results. 
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It  should  be  noted  tnat,  although  the  angle  of  the  slope  of 
generatrix  of  cone  on  entire  transition  is  constant,  coupling 
coefficients  for  symmetrical  magnetic  waves  vanish  during 
approach/approximation  to  the  foundation  of  cone.  This  follows  from 
the  fact  that  formula  (d.22)  contains  for  these  waves  only  one  to  • 
component  of  electric  field  E,,  which  near  metal  is  turned  into  zero. 
Therefore  dielectric  cone  f*  r  waves  //<>„  is  the  smoothed  transitioi 
i.e.,  the  transition  in  which  S,m  takes  at  end/leads  zero  value. 

Thus,  to  the  problem,  examine/considered  in  this  point/item,  formula 
(8.37)  is  not  used. 
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Fig.  25.  Symmetrical  dielectric  transition. 

Fig.  26.  Waveguide  of  comparison  to  transition  of  Fig.  25. 
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Fig.  27.  Reflection  coefficient  from  polystyrene  cone. 

Key:  (1).  MHz. 

Page  144. 

For  other  waves  whose  fields  contain  the  normal  tc  setal  component  of 
electric  field  En,  this  formula  gives  correct  expression  for  the  wave 
amplitudes,  scattered  on  dielectric  cone  or  by  friend  dielectric 
transition,  since  the  values  or  coupling  coefficients  at  the  end/lead 
of  the  transition  are  different  from  zero.  From  (8.22)  for  these 
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coupling  coefficients  fellows  the  simple  expression 

Sim  “  L:ir  $  v£™ z-^/s-  ( 1 6-  20) 

In  this  formula  enter  the  fields  on  the  metal  in  waveguide,  by  pillar 
filled  by  dielectric,  which  easily  are  determined  from  the  formulas, 
analogous  (3.14). 

§17.  Smoothed  transitions.  Optimum  transitions. 

1.  Losses  to  transformation  into  waves  of  parasitic  types  in 
waveguide  transitions  with  fractures  of  generatrix,  examined  in  first 
three  point/items  of  preceding/previous  paragraph,  are  frequently 
relatively  they  are  great.  For  tneir  decrease  it  is  possible, 
generally  speaking,  to  increase  che  length  cf  transition.  If  cn 
transition  there  are  no  points  or  steady  state,  then  energy  losses, 
according  to  (8.37),  are  proportional  vj  and  decrease  with  increase 
of  L  approximately  inversely  proportionally  L2.  If  be  a  point  of 
steady  state,  then  energy  or  parasitic  waves  decreases  more  slowly, 
approximately  as  1/L.  However,  in  a  number  of  cases  when  it  is 
necessary  to  ensure  very  low  losses,  this  path,  as  we  will  see  of  the 
given  below  examples,  is  impossiole:  are  necessary  too  great  lengths. 
The  second  method  consists  or  an  improvement  in  the  agreement  of 
transient  waveguide  with  regular  waveguides.  Kithout  any  calculations 
from  (8.37),  (12.22)  and  from  the  formulas  cf  the  preceding  paragraph 
it  is  evident  that  the  decrease  of  value  v  at  the  end/leads  of  the 
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transition  decreases  the  losses.  Thus  we  come  to  the  so-called 
smoothed  transitions  -  transitions  in  which  v  at  the  end/leads  of 
the  transition  it  reaches  zero  or  values,  much  smaller  than  value 
v  at  midpoints  of  transition.  Strictly  speaking,  this  property  must 
possess  coefficients  of  communication/connection,  but  if  we  do  not 
consider  a  few  exception/eliminations ,  analogous  noted  at  the  end  of 
the  preceding/previous  paragraph,  then  the  character  of  change  Sj!n  is 
determined  in  by  basic  value  v. 

For  such  transitions  or  formula  (8.37)  and  (12.22)  it  is  already 
inapplicable,  since  during  tne  derivation  of  these  formulas  it  was 
assumed  that  the  members  or  order  v*  and  v'  were  small  in 
comparison  with  v(0)  and  v(L),  wniie  for  the  smoothed  transitions  this 
does  not  occur.  The  calculation  of  the  smoothed  transitions  must  be 
performed  on  integral  formulas  (8.J4)  or  (12.20). 

Waveguide  transitions  must,  as  a  rule,  give  low  losses  over  a 
wide  range  of  frequencies. 

Page  145. 

If  this  condition  is  net  piaceu,  tnen  for  the  reduction  of  the 
amplitude  of  any  wave  it  is  possible  to  utilize  an  interference 
structure  of  the  amplitude  of  tne  parasitic  wave,  which  appears  on 
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transition  with  the  fractures  of  generatrix.  For  this,  sufficient  to 
select  length  L  in  such  a  way  that  both  of  term/cooponant/addends  in 
(8.37)  would  have  on  the  assigned  frequency  opposite  signs,  and  to 
establish  between  v(0)  andv(JL)  this  relationship/ratio,  so  that  at 
this  frequency  these  add/co*posed  were  equal  in  absolute  value.  For 
example,  the  coefficient  of  reflection  of  wave  H01  from  symmetrical 
transition  between  two  circular  waveguides  will  be,  according  tc 
(16.17),  equal  to  zero,  if  will  oe  satisfied  two  conditions: 

According  to  the  second  condition,  the  angle  of  the  fracture  of 
generatrix  must  be  at  the  wide  eud/lead  of  the  transition 
considerably  more  than  on  narrow. 


In  order  to  ensure  low  losses  to  transformation  into  parasitic 
type  direct  waves,  it  is  necessary,  on  the  contrary,  to  make  the 
angle  of  fracture  at  the  wide  end/lead  of  the  transition  is  less  than 
on  narrow.  Heally/actually ,  to  noth  end/leads  must  be,  according  to 
(8.37),  are  equal  values  Sim/(hj~hm),  and  since  coupling  coefficients 
have  the  order  of  ratio/relation  v/a,  then  v(0)  and  v(L)  they  oust  be 
related  friend  and  to  friend  approximately  as  values 

I  (act  )*  — —  (act  )* 

speaxing  in  general  terms,  as  1  /*,.  The 
difference  in  phase  change  of  noth  of  waves  on  entire  transition, 
deter-  .ned  by  formula  (8.41),  oust  be  equal  tc  n  or  to  2vr  3»  and  so 
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forth;  if  *  is  small  (j*f  <*)  ,  then  compensation  is  impossible,  as  we 
will  see  below,  the  smcctheu  transitions,  designed  in  such  a  way  that 
the  amplitudes  of  the  fcraing  direct/straight  parasitic  waves  would 
be  small  over  a  wide  range  of  frequencies,  also  we  must  be  steadier 
from  the  side  of  wide  waveguide,  and  value jaj  for  them  must  be 
sufficiently  greatly. 

Certain  expansion  of  the  frequency  band  can  be  reached,  as 
showed  Solimar  [7,  94],  curing  series  connection  of  several  cones 
with  different  aperture  angles.  Such  systems  approach,  actually,  the 
examined  below  smoothed  transitions,  in  which  the  aperture  angle  is 
changed  continuously. 

It  goes  without  saying,  mutual  compensation  for  both  of 
term/component/addends  in  (8.37)  or  (12.22)  indicates  only  that  the 
amplitude  of  parasitic  waves  Pt  will  be  equal  to  zero  in  the  first 
order  on  vo'>  in  following  order  Pj-fi 0.  In  this  case,  it  is  necessary 
to  keep  in  mind  the  consideration,  noted  in  ncte  on  page  68. 

2.  During  construction  of  waveguide  transitions  fundamental 
problem  is  selection  of  length  and  form  of  transition. 


Page  146. 
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Analogous  problem  appears  during  tne  creation  of  the  broadband 
matching  sections  between  two  long  lines,  for  example  between  two 
coaxial  lines  with  different  wave  impedance.  This  analogy  we  will  use 
below  during  the  determination  or  the  form  of  waveguide  transitions. 


The  coefficient  of  reflection  p  from  ncn-uniform  circuit  with 
the  alternating/variable  wave  impedance  of  H  and  constant  phase  rate 
is  actual,  according  to  (16.6), 

ft*)—- (l7-2) 

0 

Here  U(5)  -  wave  impedance,  is  alternating/variable  of  integration 
5=z/L,  where  L  -  length  of  transition;,  in  order  to  emphasize  analogy 
with  formulas  for  the  amplitudes  of  the  parasitic  waves  which  we  will 
record  below  in  the  same  form,  value  2kL  is  designated  as  zero  o.  As 
we  already  noted  into  §16,  formula  (17.2)  was  valid  in  the  same 
approach/approximaticn ,  in  wnica  were  used  expressions  (8.34)  and 
(12.20)  . 


i 


13 


s 

I 


for  equation  (17.2)  is  investigated  in  detail  inverse  problem  - 
problem  of  the  determination  of  the  optimum  fcrm  of  dependence  H(£). 
In  this  setting  function  W(£)  is  determined  from  requirement  so  that 
beginning  with  certain  value  of  tne  parameter  cjp[a)/  there  would  be 
less  than  certain  speciric  number  p»:.kc.  i.  e.,  sc  that  there  would  be 


5J 


|p(3)|<PMJkc 


with 


(17.3). 
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Functions  B(£)  vill  be  optimum,  if  for  it  p«ukc  will  be  smallest, 
attainable  Kith  this  o«.m.  or  if  s)!im  will  be  smallest  with  that 
fix/recorded  tWo-  since  o  is  proportional  L,  then,  selecting  function 
W(S)  optimum,  we  provide  the  smallest  reflection  coefficient  of  the 
smallest  length. 


H 


Optimum  in  this  sense  function  W'ontQ  was  found  in  the  article  of 
Klopfenshteyn  [95].  Between  p«»kc  and  <3MUu  for  Wonr(£)  there  is  the  single 
bond 

i  i  i 

(17.4) 


Pm.’ 


MOKC 


i  ,  vr  (i) 

T“r  (0) 


ch  °M,,H 


2 


This  function  tt7oni(t;)  we  writ  use  in  the  following  chapter.  In 
this  paragraph  during  the  determination  of  the  form  of  generatrix  of 
the  waveguide  transition,  which  gives  sufficiently  low  losses  to 
transformation,  we  accept  other  two  functions  H  (€) ,  proposed  in 
article  [96]. 

Page  147. 

These  functions  solve  optimum  problem  in  the  class  of  the  functions, 
which  have  continuous  derivative  with  0^5^1  -  in  contrast  to  function 


-# 


W'onrte).  which  has  end/leaas  gaps.  The  waveguide  transition,  constructed 


DOC  =  79024309 


PAGE 


according  to  U7onT Q,  would  contain  at  end/leads  the  snail  steps. 


The  first  of  these  functions  corresponds  aUnH  =  2,7ji.  it  is  obtained 
from  the  equation 

dJnUMO  =.  s;n n;.  (17.5) 

the  value  of  the  left  side  of  equality  (17.4)  for  it  is  equal  to 
0.07,  for  W'onr  (on  17.4)  this  value  is  reached  when  oullll  =  2,1  An,  snaller 
by  20o/o.  Figure  28a  depicts  the  curve/graph  cf  value 


__£i£L.  -JL—  cos- 

1 .  '£(1)  ni_3icos2’ 

2  \W0) 


(17.6) 


i.e.  the  standardized  per  unit  value  of  integral  (17.2),  calculated 
according  to  this  function  W(S). 


The  second  function  MiS)  corresponds  only  by  a  little  tc  larger 
value  3m,,,,.  a*,,,,  •  -  3:i,  but  the  value  or  left  side  (17.4)  for  it  is 
substantially  less  and  it  is  equal  to  0.03.  Per  IV'„11T($)  this  value  is 
reached  when  .  which  only  to  llo/o  is  less.  This  function  is  found 

from  the  equation 

dJnJPft)  =  (i_.  o,636  cos  2n;).  (17-7) 

dt 

For  this  function 


(17.8) 


P(3) 

1,  tiO 

2  W(0) 

.  a 
sin  — 
2 

4a1 -0,3643* 

a 

2 

4ji*  —  3* 

The  curve/graph  of  this  value  is  represented  in  Fig.  28b. 


s 
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3.  Method  of  construction  of  smoothed  waveguide  transition, 
which  gives  low  losses  over  a  wide  range  of  frequencies,  we  will 
dismantle/select  based  on  example  of  symmetrical  transition  for  wave 
H0 1  in  circular  waveguide,  in  tms  transition  fundamental  losses  to 
the  transformation  are  due  to  the  formation  of  direct  wave  Hoz.  Let 
first  the  frequency  be  sc  nign,  mat  this  wave  can  be  propagated  both 
in  wide  and  in  narrow  waveguide,  i.e.,  there  is  no  critical  section. 


Pa  ge  148. 


Its  given  amplitude  P/(£)  is  given  oy  formula  (8.34).  Substituting 
expression  for  a  coupling  coefricient  (16. Ia),  we  will  obtain 


,/Mmr  **/  'f  *.+*, «- 

(17.9) 

Here  a(z)  -  the  unknown  function,  which  gives  the  fora  of  generatrix. 
The  square  modulus  of  tee  value,  which  stands  to  the  right,  gives  the 
ratio/relation  the  energy,  taxen  away  by  wave  H oz,  to  energy  of  the 
incident  wave,  i.e.,  loss  to  transrormation  into  wave  Hoz. 


Integral  (17.9)  it  is  possiole  to  lead  to  the  form,  identical 
with  (17.2),  and  to  utilize  for  engineering  the  waveguide  transitions 
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the  mathematical  apparatus,  described  in  the  preceding/previous 
point/item.  Let  us  replace  tor  this  factor  (hm  + h^YTijij  nith  one;  let 
us  note  that  this  superimposes  on  frequency  somewhat  weaker 
condition,  than  requirement  Timzz  1,  h,~l.  Let  us  introduce  the  new 
variable 

]  (^m  4,)  dz  ? 

C  =  _2 - =  ~ -\(hm  — h,)dz ,  (  17. 10) 

• 

then,  substituting  still  pm=3,83,  p/=7,02,  we  obtain  the  formula,  which 

has  the  same  form,  that  (17.2): 

Pi  (a)  =  -  1,56  $  ~£-/-,oC  dC.  (17. 1 1) 

o  * 

From  comparison  (17.11)  with  ( 17.2)  it  follows  that  if  derivative  of 
In  *{£),  as  the  function  in  question  by  variable  5,  will  be 
proportional  to  derivative  of  i.nW  (£) ,  where  W  (5)  is  selected  in  such 
a  way  as  to  ensure  the  troaaoana  agreement  cf  two  long  lines  with 
different  wave  impedance,  tnea  waveguide  transition  will  give  low 
losses  to  transformation  into  wave  H02. 

For  future  reference  it  is  convenient  to  introduce  the  parameter 
ticp  by  the  condition 

i  i 

a^=5-k±ia*(C)^  =  ja*a)^.  (17.12) 

•  0 
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This  parameter  does  not  virtually  aepend  on  frequency,  has  the 
dimensionality  of  lengtu  and  lie/rests  between  a  (0)  and  a{L)  .  From 
(17.10)  and  (17.12)  it  follows  tnat  the  parameter  a,  which  plays  in 
the  problem  of  waveguide  transition  the  same  role,  as  value  2kL  in 
(17.2),  it  is  connected  witn  a ^  by  the  equation 


a  — 


2  ka'cp 


(17.13) 


and  differentials  of  vanaoie  £  ana  z  they  are  connected  by  the 
relationship/ratio 

*  hm  +  hl 


(17.14) 


“cp 


cp 


The  determination  of  tne  unknown  function  a(z),  that  gives  the 
airfoil/profile  of  transition,  is  conducted  by  the  following  diagram: 
are  assigned  values  p***-.  the  connected  with  it  value  and  is 

selected  corresponding  to  these  values  function  W(5).  Then  it  is 
found  by  a  (5)  from  the  condition  mat  dlna/ds  is  proportional 
dlnW/dC.  Appearing  in  tnis  case  two  arbitrary  constants  -  the 
proportionality  factor  oetweea  runctions  dlna/dC  and  dlnW/dG  and 
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integration  constant  -  are  determined  from  requirement  so  that  at  the 
end/leads  of  the  transition,  witn  £=0  and  5=1*  a (5  would  take  the 
assigned  values.  Then  from  tormuia  (17.12)  is  calculated  the 
parameter  2cp  and  on  (17.14)  is  determined  z/L  as  function  of  £. 

Thus,  dependence  of  a  on  ratio  z/L  is  obtained  in  parameter  form. 
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Fig.  28a,  b  -  loss  tc  conversion. 

Key:  (1)  .  ain. 

Page  150. 

The  length  of  transition  i.  as  determined  from  requirement  so  that  in 
entire  assigned  wavelenytn  range  tne  parameter  a  would  be  the  more 
than  selected  value  a*:„„  i.e. ,  froo  the  equation 

L  —  0,73  o*,,,,  a9*.  t  (17.15) 

following  from  (17.13).  here  corresponds  to  the  short-wave 
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end/lead  of  the  range. 


The  standardized/noraalized  amplitude  of  parasitic  wave 
I (0)/ 1 ,56 In <7 [,  where  q  is  ratio/relation  a(L)/a(0),  is  equal  to  the 

standardized/noraalized  coefficient  of  reflection 


P/(3) 

P{<J> 

1,56  In? 

J_  ln  WJll 

2  W  (0) 

(17.16) 

corresponding  to  the  saae  function  »(£)•  Finally,  the  parameter  a  as 
the  function  of  frequency  is  determined,  according  to  (17.13)  and 
(17.15),  from  the  formula 

X 


rVMHH 


(17.17) 


Let  us  note  the  essential  dixference  between  the  problems, 
connected  with  integrals  (17.2)  and  (17.11).  In  (17.2)  the  parameter 
a,  is  inversely  proportional  X.  The  action  of  the  matching  section  of 
long  line  with  alter nating/vanable  wave  impedance  is  limited  from 
the  side  of  long  waves.  Its  length  is  selected  from  the  condition 


t  _  MHM  - 

4  n 


(17.18) 


and  despite  all  frequencies  for  which  X  is  less  than  the  assigned 
value  X/W-.V-  a  will  be  more  tnan  selected  a  ,  a  p  -  is  less 

*  *  u  KC  ft]  n  I 

j  P/*aiC£.|*  For  wave<?ui<3e  transition,  on  the  contrary,  a  directly 
proportional  X  (17.15),  the  area  of  action  of  transition  is  limited 
from  the  side  of  short  waves.  In  (17.15),  enters  the  small  assigned 
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value  of  wavelength;  despite  ail  tne  smaller  frequencies  of  condition 
o>tf/^^and  jp  they  will  be  provided. 

Difference  this  from  a  physical  poi^t  of  view  is  due  so  that  in 
(17.2)  is  determined  the  amplitude  of  backward  wave,  a  is  the  sum  of 
electrical  lengths  for  direct/straight  and  backward  wave;  for  each  of 
these  waves  -  and  for  tneir  sum  -  electrical  length  increases  with  an 
increase  in  the  frequency.  In  (17.11),  is  determined  the  amplitude  of 
direct  wave;  a  -  difference  in  the  electrical  lengths  of  two  direct 
waves,  and  although  h,„  and  -li  with  frequency  they  increase,  their 
difference  decreases  with  frequency. 

With  an  increase  in  tne  frequency,  the  phase  speeds  of  all  waves 
in  waveguide  converge  with  each  other. 

Page  151. 

The  amplitudes  of  parasitic  type  axrect  waves,  which  are  formed  on 
the  irregular  waveguide,  in  tnis  case  very  high  frequencies  disappear 
the  advantages  of  flat  transitions  in  comparison  with  abrupt/steep 
ones.  In  mathematical  sense  tars  is  developed  in  the  fact  that  in  the 
integrals  of  type  (8.34)  or  of  first  term  in  (12.19)  exponential 
factors  is  not  provided  sufficiently  rapid  sign  change  of  integrand. 
These  integrals  will  be  in  this  case  the  order  of  product  of  v0  by 
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L/a,  i.e.,  will  be  finite  quantities.  It  goes  without  saying,  in  this 
case,  becomes  already  inapplicable  all  the  apprcach/approximation  of 
loose  coupling. 


4.  Let  us  illustrate  described  calculation  method,  after 
selecting  first  function  W(£)  according  to  simple  equation  (17.5). 
Determining  a  (5)  by  diagram  indicated  above,  we  will  obtain 


a(C)  =  Vu(0)a(L)  e 


— ' 7,ln?-cos*t 


(17.19) 


B.N 


Parameter  -a*p  is  equal  in  this  case 


~  a  (0)a (L)  M  ing), 


(17.20) 


where  I0  -  modified  Bessel  lunction.  Dependence  z/L  on  fi  is  given  in 


the  integral  form: 


2  1  0 


— i - ? 

I  /0(ln<j)  0 


(17.21) 


The  length  of  transition,  according  to  (17.15),  must  be  not  less 


■w-  . 

& .  « 
Ss? 


than 


L  =3,l/0(lng) 


o(0)o(L)  ' 


(17.212) 


Calculating  according  to  parametric  dependence  (17.1^,  (17.21)  the 
derivatives  da/da  and  d2a/dz2,  are  easy  to  check  that  the  obtained 
transition  does  not  have  fractures  at  end/lead  and  that 


o"  (0)  „  a*(L) 
a*  (L)  0*  (0) 


(17.23) 
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i.e.,  that  the  slope  of  generatrix  at  narrow  end/lead  is  considerably 
more  than  on  wide. 

Let  us  examine  a  numerical  example. 


Page  152. 

Let  radii  of  the  coupled  waveguides  be  equal  to  a(0)  =  24.4  mm  and 
a(L)=9  mm  and  minimum  wavelength  in  which  must  work  the  transition, 
it  is  equal  to  =6  A  mm.  The  length  of  transition  proves  to  be 
equal  to  L= 1 44. 5  to  mm.  Its  airfoil/profile  is  represented  on  the 
appropriate  scale  in  Fig.  29a.  Wave  amplitude  H0a  in  the  function  X 
is  determined  on  Fig.  2da,  or  on  zormu  17.16)  and  (17.6).  With 

X>Xfyj^^  the  amplitude  of  parasitic  wave  pj  will  be  less  than  0.11, 
which  corresponds  to  losses  to  conversion  less  than  -  19  dB. 

Let  us  compare  this  smoothed  transition  with  right  cone 
(V=const)  .  For  a  cone  witn  a»1  integral  (17.11)  is  equal  to 

|P/(o)l-  +  (17.24) 

Let  us  replace  sin2<r/2  in  (17.24)  consecutively  per  unit  and  for  zero 
and  will  substitute  explicit  expression  a  through  L  (17.13).  Bearing 
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in  mind  that  for  cone  a£p  =a(Q)a(.L)»  we  will  obtain  for  PJ  («)  upper 
limit  and  from  below,  whicn  to  more  conveniently  use  than  by  precise 
formula  (17.24)  : 

0.56  1-a(0)~fl(L)l*  <|p/(0)|< 0,56 (L)  1  .  (17.25) 

For  the  accepted  in  the  pr eceuing/pre vious  example  values  of 
a(Q),  a(L)  and  condition  (  p^‘  (<x)  |  <0 .  1 1  will  be  reached  at  length 

L  more  than  half  meter;  cone  must  t»e  three  times  longer  than  the 
simplest  smoothed  transition. 

Applying  for  the  construction  of  transition  function  W(£),  that 
satisfies  somewhat  more  complex  equation  (17.7),  we  with  the  same 
values  of  the  parameters  of  proolem  a  (0)  ,  a  (L)  and  X^^  will  obtain 
transition  with  a  length  of  156  mm;  at  end/leads  it  will  have  small 
fractures.  The  airfoil/profile  of  this  transition  is  represented  in 
Fig.  29b.  The  losses  upon  tnis  transfer,  designed  on  formula  (17.8), 
must  be  equal  -  26  dB.  The  cone,  which  gives  such  losses,  must  have 
into  length  about  meter. 

The  method  of  determining  the  optimum  form  of  the  smoothed 
matching  waveguide  presented  assumes  that  the  produced  above 
transition  from  formula  (17.9)  to  rormula  (17.11)  does  not  lead  to 


noticeable  errors 
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Fig.  29a,  b  -  aitf oil/profile  of  transition. 
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The  degree  of  the  legitimacy  or  tars  assumption  is  illustrated  by  the 
curve/graph  of  Fig.  30.  On  it  is  represented  the 
standardized/normalized  amplitude  of  the  parasitic  wave,  which 
appears  on  the  transition  wnose  airfoil/profile  is  selected  according 
to  equation  (17,7)  at  the  value  of  the  parameters:  a{0)  =9  mm, 
a{L)=30  mm,  X=6.6  mm.  The  length  of  this  transition  is  equal  to  193.7 
mm,  at  end/leads  generatrix  composes  angles  by  5.4  and  1.6°  with 
Z-axis.  Plotted  function,  which  gives  the  airfoil/profile  of 
generatrix,  is  represented  in  Fig.  31.  Solid  line  in  Fig.  30  is 
computed  on  formula  (17. o),  it.  repeats  the  segment  of  a  curve  of  Fig. 

Dash  is  found  by  the  numerical  integration  of  the  system  of  two 
equations  which  are  obtained  during  isolation/liberation  in  the 
system  of  equations  (8.5)  ot  two  equations,  which  relate  to 
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direct/straight  and  backward  waves  H02.  In  each  equation  are 
preserved  only  addend,  containing  amplitudes  of  these  two  waves  and 
wave  amplitude  H01;  the  given  wave  amplitude  H01  is  considered 
constant/invariable.  Thus,  in  tms  numerical  calculation  is  taken 
into  account  also  interaction  or  straight  line  and  reverse/inverse 
will  H02,  so  that  it  gives  results  somewhat  more  precise,  than 
integration  for  (17.9).  The  comparison  of  curves  shows  the 
effectiveness  of  the  described  above  method  of  the  selection  cf 
function  a (z) .  Over  a  wide  range,  which  reaches  the  wavelength  with 
which  in  transition  already  appears  critical  section,  losses  will  be 
only  somewhat  higher  than  on  formula  (17.8)  .  However,  detailed 
variation  p j  on  X  by  this  tormula  is  not  transmitted. 

Dot-dash  curve  gives  tne  amplitude  of  backward  wave  Hoz.  As  it 
follows  from  common/general/total  considerations,  backward  wave  is 
very  small. 


DOC  =  79024310 


PAGE  I 


ID) 


Fig.  30.  Fig.  31. 


Fig.  30.  Losses  to  con version  (to  Fig.  31)  . 

Key:  (1)  .  am. 

Fig.  31.  Airfoil/profile  of  transition. 

Page  154. 

Let  us  note  one  auxiliary  computational  reception/procedure, 
used  during  numerical  integration.  It  is  connected  with  the  fact  that 
the  end  conditions  for  the  amplitudes  of  direct/straight  and  backward 
waves  (8.7)  are  placed  at  the  different  end/leads  of  the  interval  - 
such  common/general/total  property  of  system  (8.5)- (8.7).  End 
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conditions  take  the  form  (in  vanaole  $) 


P,(0)  -0;  P — y  ( 1 )  -0. 


(17.26) 


Auxiliary  reception/proceaure  lies  in  the  fact  that  instead  of 
the  assigned  heterogeneous  system  with  end  conditions  (17.26)  are 
examined  other  two  systems  wita  enu  conditions  on  one  and  the  same 
end/lead  of  the  interval: 


M»)«  i;  M( i)  =  o. 


(17.27) 


The  first  system  coincides  witn  given  one,  the  second  differs  from  it 
in  terms  of  the  absence  of  terms  with  a  wave  amplitude  of  Hol,  i.e., 
is  unifora.  Solution  of  both  of  systems,  i.e.,  the  determination  of 


functions  /*/’(?).  Pl-)(Q  and  P«s»  (£),  Pt)(l) 


is  two  Cauchy 


probleas,  which,  as  is  known,  they  are  convenient  for  a  machine 
calculation.  The  solutions  of  oasic  system  are  the  linear 
combinations  of  solutions  of  Doth  of  Cauchy  problems: 

p  nU>  ^ n(D.  n  __  n(l)  /17 

p>  pi  -  p>  •  P-i  -  P-/  -  -pfT^  *-/  •  <17-28> 

This  auxiliary  receptioa/procedure  has  the  common/general/total 
value  for  the  numerical  solution  ox  system  (8.5),  (8.7)  or  an 
analogous  system  for  bent  waveguide  (7.32),  (7.10). 


5.  Presented  higher  based  on  example  of  symmetrical  magnetic 
wave  in  circular  waveguide  metnou  of  determining  form  of  smoothed 
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transition  can  be  used  for  waveguides  of  arbitrary  section.  According 
to  results  of  §  9,  on  high  frequencies,  whe**  all 

coupling  coefficients  $jm  for  direct  waves  do  not  depend  on  frequency 
and  take  fort*  Cv/a,  where  a  -  a  characteristic  size/dimension  of 
section  and  C  -  constant.  Formulas  (8.34)  for  the  amplitudes  of 
direct  waves  at  high  frequency  will  acquire  the  following  form: 

pJ  =  c\—e~i(1m~Wdz.  (17.29) 

0 

Integral  (17.29)  also  it  is  possible  to  lead  to  the  form, 
identical  with  (17.2) . 

Let  us  introduce  for  this  function  f  by  the  equation 

£_  _  JL  .  0) 

dz  a 

Page  155. 

Then  integral  p j  will  be 

=  4e"'<’t£K’  (17.31) 

<•’  dC 
o 

where  a  and  5  they  have  the  same  value,  as  in  formula  (17.10).  The 
definition  of  function  £(S)  from  the  selected  function  W(£)  is 
conducted  in  the  same  way  as  tne  determination  of  function  lna  in 
point/item  3.  Knowing  fora  of  dependences  f (a)  and  f(  5),  it  is 
possible  to  find  a (5).  In  order  to  find  ratio  z/L  as  function  from  Q, 
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and  then  length  of  transition  L,  it  is  necessary  to  use  the  formulas 


dz 

L 


dl 


(  di  */ 

3  a*_  a* 


3  -  • 


f 

^  —  (X* 

o  j  m 


o  / 


2k 


.  (17.32) 


being  the  obvious  generalization  of  formulas  (17.14),  (17.13)  and 
(17.12)  . 

In  comparison  with  the  disaantle/selected  above  example  of  wave 
Hq 2 ,  appears  the  supplementary  difficulty,  which  consists  of  the  need 
for  determining  function  f.  However,  in  certain  cases  this  function 
is  located  by  trivial  shape.  For  example,  for  the  joining,  examined 
in  §  15,  f  (z)  is  proportional  to  tne  angle  cf  rotation  of  section 
F(z)  ,  and  is  easy  to  find  tne  form  of  function  F  (z)  ,  that  ensures 
(far  from  degeneration)  low  losses  to  conversion. 

6.  If  in  transition  tnere  is  a  critical  section  for  parasitic 
wave,  then  form  of  generatrix,  obtained  by  investigation  of  integral 
(17.11)  or,  in  the  general  case,  integral  (17.29),  can  prove  to  be 
completely  unsatisfactory,  let  us  return  to  the  problem  of  wave  H02 
in  symmetrical  waveguide  transition,  and  as  illustration  let  us  point 
out  to  the  fora  of  generatrix,  presented  in  curved  III  Fig.  32.  This 
form  of  airfoil/profile  a (z)  was  found  from  method  described  above 
with  the  application/use  or  function,  satisfying  equation  (17.7). 
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Pig.  32.  Airf oil/profiles  o£  transition. 


Page  156. 

Check  computation,  produced  according  to  formula  (12.19)  for  one 
point  of  range,  gave  inadmissibly  high  value  (0.26)  of  the  amplitude 
of  parasitic  wave.  In  other  cases  for  the  airfoil/profiles,  presented 
in  Fig.  32  by  the  curves  I,  II,  IV,  loss  they  proved  to  be  small 
(|p| <0. 02)  . 

However  it  is  possible  thus  to  generalize  method  presented  above 
of  the  determination  of  function  a  (z) so  that  it  would  give  the 
satisfactory  results  also  in  tue  presence  of  critical  section. 

Of  three  addend  formula  (12.19)  greatest  is  usually  the  first. 
With  an  accuracy  to  unessential  factors,  this  term/component/addend 


DOC  =  79024310 


PAGO 


coincides  with  integral  (17.9)  -  with  the  only  difference  that  the 
the  upper  limit  in  it,  whicn  we  will  designate  zL,  it  is  not  egual  to 
entire  length  of  transition  i,  nut  somewhat  less  than  the  distance 
from  wide  end/lead  to  critical  section.  The  replacement  of  integral 
(17.9)  by  integral  (17.11)  now  is  already  not  admitted,  because 
factor  (hn  +hj)/2  Yhjij  near  critical  section  rapidly  is  changed. 


The  generalization  of  method  lies  in  the  fact  that  to  form 
(17.2)  is  led  not  integral  (17.11),  but  is  direct  integral  (17.9), 
i.e.,  old  term/component/addend  in  exact  expression  (12.19).  For 
this,  is  introduced  the  new  function  F(a)  by  the  equation 


_  dah^  +  lt‘ 
~a  "2,W 


(17.33) 


With  the  introduction  to  this  function  and  variable  5  (17.10)  instead 
of  z  integral  (17.9)  it  becomes  identical  to  integral  (17.2)  -  Then  it 
is  assumed  that  F  is  proportional  InW  (5)  ,  where  B(C)  satisfies,  for 
example,  equation  (17.7).  Proportionality  factor  is  located  just  as 
in  point/item  3.  After  determining  the  form  of  the  function  F(a)  and 
F(5),  it  is  possible  in  implicit  form  to  find  a(£).  Dependence  of  z 
on  5  is  found  then  from  the  equation,  which  generalizes  (17.14): 


lL‘  2fe 


*  (Q 

S- 


(17.34) 


Thus  is  determined  tue  lengtn  of  transition  before  critical 
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section  and  the  form  of  airroil/prof ile  by  forming  a(z).  Dashed  curve 
in  Fig.  32  is  the  result  or  tais  construction.  The  amplitude  of 
parasitic  wave,  calculated  for  tnis  airfoil/profile  by  precise 
formula  (12.19)  talcing  into  account  all  three  term/component/addends, 
render/showed  eight  times  less  taan  for  airfoil/profile  III. 

Page  157. 

It  goes  without  saying,  ana  in  the  absence  of  critical  section 
it  is  possible  according  to  tnis  method  to  investigate  directly 
integral  (17.9),  however,  apparentxy,  sufficiently  satisfactory 
results  gives  consideranly  more  idle  time  construction,  that  begins 
from  integral  (17.11). 

§  18.  Compensating  inserts. 

1.  one  of  possible  matnous  or  decreasing  distortion  of  field, 
caused  by  any  irregularity,  is  introduction  into  waveguide  of  second 
irregularity,  which  must  compensate  for  disturbance/perturbations, 
caused  by  first  irregularity,  ‘tilizing  that  noted  in  §  10  additivity 
of  coupling  coefficients,  it  is  possible  in  this  way  to  attain  the 
considerable  decrease  or  tne  total  coupling  coefficient  of  the 
fundamental  wave  with  most  esseutial  parasitic  wave. 


4 
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Let  us  examine  this  question  nased  on  the  example  of  symmetrical 
waveguide  transition  for  wave  H0l,  in  which  is  introduced  symmetrical 
dielectric  insert,  i.e.,  tae  dielectric  insert/bushing,  which 
possesses  the  symmetry  of  rotation  and  coaxial  with  waveguide.  The 
total  coupling  coefficient,  ooligeu  to  a  change  in  the  radii  of  both 
waveguide  and  insert,  is  calculated  from  formula  (10.2).  For  waves 
H02  and  H01,  it  takes  the  fora 

S».  -  SJH—TQ  {§  “HI  (a)  HT  («)  +  (.  - 1 )  Z  m  es  (6)} . 

(18.1) 

where  through  a(z)  is  designated  a  radius  of  waveguide  and  through 
b(z)  -  a  radius  of  insert,  £-  dielectric  constant  of  the  material  of 
insert.  Formula  (18.1)  is  obtained  from  (10.2)  taking  into  account 
the  fact  that  in  the  auxiliary  waveguide  which  includes  fields 
(18.1),  for  waves  Hori  they  are  different  from  zero  only  components 
H^,  E^.  and  and  that  integration  on  s  in  (10.2)  is  reduced  to 
multiplication  by  the  length  of  the  duct/contour  of  cross  section. 


So  that  actions  of  both  of  heterogeneities  average  out,  it  is 
necessary  that  term/component/addends  in  (18.1)  would  be  equal  in 
magnitude  and  opposite  on  sign.  Qualitative  considerations  about  what 
form  must  for  this  have  insert,  can  be  obtained,  examining  the 
limiting  case  of  very  low  value  £-  1.  If  £-  1  «  1,  then  in  (18.1) 
it  is  possible  to  substitute  fields  in  the  empty  waveguide. 
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Expressing  them  on  formulas  (3.14a)  and  (3.18)  through  Bessel 
functions  and  them  derivatives,  we  will  obtain  for  a  coupling 
coefficient 


S/m  — 


+  (6  —  (n,«— )  A  ( l1/  \  ■  (18.2) 


where  jj/*=3.83,  \ij- 7.02.  Factor  witn  da/dz  in  (18.2)  is  positive.  The 
sign  of  factor  with  db/dz  coincides  with  the  sign  of  value  Jt  (p^Jb/aj)  , 
i.e.,  it  is  positive  with  b<pt^/pj  a=0.55a  and  is  negative  with 
b>0.55a.  Thus,  so  that  Sjn  would  oe  equal  to  zero,  the  derivatives 
db/dz  and  da/dz  must  have  near  tfle  wall  of  waveguide  one  and  the  same 
sign,  but  near  axis  their  signs  must  be  opposite.  This  general 
character  of  insert  is  retainea,  probably,  and  at  finite  values  £-1. 
In  this  case,  for  determining  tne  fields,  entering  formula  (18.1),  it 
is  necessary  to  preliminarily  solve  transcendental  equation  and  to 
determine  wave  numbers  and  fields  of  waves  H01  and  H02  in  the  regular 
waveguide  of  comparison  (Fig.  26). 


The  analysis,  produced  in  article  [93],  it  showed,  that,  so  that 
the  coefficients  of  derivatives  in  (18,1)  would  have  one  and  the  same 
order  of  magnitude,  product  ko~\j  £  -1  must  be  not  very  greatly,  must 
be  fulfilled  the  condition 
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Aft  ye—T<2,4. 


(18.3) 


At  the  high  values  of  b  or  ?  the  field  of  wave  H0l  very  strongly  is 
concentrated  near  dielectric,  currents  on  wails  become  very  small, 
while  in  this  case,  it  is  difficult  to  attain  mutual  compensation  for 
both  of  term/component/addends  in  formula  (18*1). 


Figure  33,  borrowed  from  £93J,  schematically  depicts  the  axial 
section  of  dielectric  insert.  Toe  form  of  insert  was  found  from  the 


equation 


%m  -■=  0, 


(18.4) 


which  under  the  assigned  law  a(z)  is  differential  first-order 
equation  for  function  in  b(z). 


Calculation  is  carried  out  for  waveguide  transition  in  the  form 
of  direct/straight  round  cone  by  the  length  240  mm,  connecting  two 
waveguides  m  radii  6  and  30  mm  with  £=2.55  and  X=8  ram.  Let  us  note 
that  frequency  dependence  of  oota  of  term/component/addends  in  (18.1) 
is  somewhat  different;  therefore  tne  insert,  which  ensures  at  one  any 
frequency  complete  compensation,  at  other  frequencies  will  not  give  a 
strict  fulfillment  of  equation  (18.4) ,  although  it  will  be,  generally 
speaking,  lead  to  the  noticeable  decrease  of  coupling  coefficient. 


eft. 
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Fig.  33.  Dielectric  insert  on  £93]. 

Key:  (1)  .  mm. 
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The  compensating  dielectrically  inserts  for  wave  H02  possess  one 
very  intrinsic  property.  For  symmetrical  magnetic  waves  the  coupling 
coefficients  (10.2)  for  straignt  lines  and  for  backward  waves  H02 
become  low  values  or  are  turned  into  zero  simultaneously,  since  the 
curly  brace  in  (18.1)  enters  oy  factor  both  in  Sjm^and  in  S In 
the  presence  of  critical  section,  the  amplitude  of  parasitic  wave 
contains,  according  to  (12. 20)  both  Sj/w  and  S_jw.  Therefore  the 
compensating  insert,  in  waxen  is  provided  smallness  Sj») ,  will  also 
under  these  conditions  provide  a  noticeable  decrease  in  the  amplitude 
of  the  appearing  wave  H02.  Under  practical  conditions  the  conversion 
of  modes  H01  in  H02  is  especially  undesirable  precisely  in  the 
presence  of  critical  section  for  ti02,  when  can  arise  resonance  spaces 
within  the  line  of  transmissions  (for  example. 


see  the  article  of 
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King  and  Markatili  [97]) 


m-  i 


2.  Application/use  of  matching  transitions,  described  in 
preceding/previous  parayrapn,  and  introduction  of  compensating 
inserts  is  two  different  methods  or  decreasing  losses  to  conversion. 
From  a  physical  point  of  view,  tne  difference  lies  in  the  fact  that 
in  the  smoothed  transitions  is  provided  the  mutual  extinction  of  the 
parasitic  waves,  which  appear  in  different  sections,  and  in  the 
compensated  for  transitions  tuey  extinguish  each  other  of  the  waves, 
which  appear  on  different  irregularities  in  one  and  the  same  section. 


The  best  results,  wiiicu  ensure  agreement  over  a  wide  range  of 
frequencies,  which  includes  the  frequencies,  at  which  there  are 
critical  sections,  they  can  oe,  probably,  they  are  reached  with 
combination  of  both  of  tnetnods.  The  first  attempt  at  the  calculation 
of  the  corresponding  insert  is  contained  in  the  article 
van-Khuan • chzho  [98],  In  it  are  examined  metallic  inserts,  so  that 
entire  system  is  coaxial  waveguide  with  the  alternating/variable 
diameters  both  of  internal  and  external  conductor.  Coupling 
coefficient  between  waves  aot  and  Hoz  in  this  system,  as  it  is  easy 
to  obtain,  for  example,  from  (10.2)  or  (16.1),  is  equal,  it  is 


analogous,  (18.1) 


slm  -  H  \$  art  («>  »T  (a)  - k-%  Ml  «>)  H?  <*)} .( 18.5) 
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where  a(z)  and  b)z)  -  radii  or  external  and  internal  conductors.  The 
form  of  external  conductor,  i.e.,  runction  a  (z) ,  in  [98]  is 
considered  given  one,  the  form  of  internal  conductor,  i.e.,  function 
b(z),  searches  for  from  the  condition  so  that  the  amplitude  of 
parasitic  wave  (8.34)  would  he  small. 

Page  160. 

For  this,  through  the  metnoa  of  tne  preceding/previous  paragraph  is 
first  located  sufficient  flat  fora  of  dependence  of  Sjm  on  z,  and 
then  from  the  corresponding  differential  equation  is  determined 
function  b(z),  this  ensuring  dependence  Sj^fz).  Function  Sjm(z)  is 
selected  in  such  a  way  that  near  tne  critical  section  there  would  be 

Sjrt^=0 . 


The  method  of  the  construction  of  the  compensated  for 
trans5.<  presented  can  oe  used  to  the  row/series  of  other 

problems.  As  the  compensating  heterogeneous  cell/element  it  is 
possible  to  utilize  not  only  a  dielectric  or  iron  core,  but  also  any 
rod  with  impedance,  for  example  oy  that  corrugated,  by  surface. 
Heterogeneity  can  consist  eitner  of  a  change  in  the  radius  of  this 
rod  or  of  a  change  in  its  surface  impedance.  In  all  cases  it  is 
substantial  so  that  the  supplementary  heterogeneity  would  cause  the 
communication/connection  of  the  incident  wave  with  the  same  parasitic 
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wave,  as  the  fundamental  heterogeneity,  and  did  not  cause  the 
noticeable  education/formation  of  other  parasitic  waves, 

§  19.  Diffraction  of  plane  wave  on  periodic  surface. 

1.  There  is  identity  oetween  two  electrodynamic  problems,  which 

relate  -  one  to  reflection  and  conversion  of  cable  wave,  which  falls 

to  the  left  to  symmetrically  becoming  narrow  end/lead  of  flat/plane 

waveguide  of  width  d  (Fig.  34),  another  -  to  reflection  and 

scattering  of  plane  wave  of  specific  polarization,  which  falls 

normally  to  periodic  (periodicity  m  one  direction)  metallic  surface 

with  the  same  airfoil/profile  (Fig.  35) .  From  the  considerations  of 

symmetry,  it  follows  that  on  tne  horizontal  planes,  which  exit  to  the 

left  of  the  sharp  apex/vertexes  of  the  surface  of  Fig.  35,  during 

fa 

diffraction  do  not  appear  tae  z-a#  of  the  component  of  electric 
field.  The  metallization  of  taese  surfaces  will  not  agitate  complete 
field  in  diffraction  problem,  wnicn,  thus,  coincides  with  field  in 
the  waveguide  of  Fig.  34. 

The  solution  of  waveguide  problem,  i.e.,  the  determination  of 
the  reflection  amplitude  ana  waves  of  the  highest  types,  is  in  this 
case  simultaneously  the  solution  or  diffraction  problem.  The 
amplitude  of  the  cable  wave  reflected  in  waveguide  is  equal  to 
reflection  coefficient  from  periodic  surface.  The  propagated 
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parasitic  waves  in  waveyuj.de  will  arise  with  d>X;  under  this  saae 
condition  appear  the  lateral  diffraction  spectra  whose  amplitudes  are 
equal  to  the  amplitudes  or  these  waveguide  waves.  Thus,  the 
diffraction  problem,  which  corresponds  to  Fig.  35,  also  can  be  solved 
by  cross  sections. 
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Fig.  34.  Flat/plane  waveguide. 

Page  161. 

He  will  examine  in  tnis  paragraph  the  generalization  of  the 
method  of  cross  sections,  wnich  makes  it  possible  to  use  it  for 
general  problem  of  a  normal  incidence  in  the  plane  vave  on  periodic 
interface. 


2.  Let  us  begin  how  in  chapter  II,  from  dielectric  medium  with 
continuous  distribution  or  dielectric  constant  £(x,  y,  z) .  For 
simplicity  let  us  assume  taat  £  -  scalar  value,  generally  speaking  - 
composite,  and  that  in  entire  space  magnetic  permeability  is  equal  to 
unity.  Let  despite  all  z  £  (x,  y,  z)  be  periodic  function  from  x  and 
y.  Periods  along  the  axes  x  and  y,  equal  to  a  and  b,  are  identical 
for  all  z,  but  the  form  of  tne  function  depends  on  z.  With  z^O 
takes  constant  value  ,  with  z^L  (L>0)  -  constant  value  .  On 
transition  layer  falls  to  the  lent  normally  the  wave  (Fig.  36) ,  it  is 
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necessary  to  find  field  in  entice  space. 

Let  us  introduce  by  analogy  with  the  waveguides  of  comparison 
the  medium  of  comparison,  atter  defining  it  as  the  medium,  in  which 
dielectric  constant  Z  is  the  same  function  from  x  and  y,  that  also  £ 
the  transition  layer  with  given  z,  and  does  not  depend  on  the  third 
coordinate  £.  In  this  medium  of  comparison,  there  is  a  system  of  its 
own  waves  of  both  of  directions.  The  dependence  of  the  fields  of 
these  waves  on  5  is  given  by  factor  He  will  label  their  own 

waves  by  index  which  taxes  for  direct  waves  positive  value,  and 
for  reverse/inverse  ones  -  negative.  The  fields  of  their  own  waves  in 
the  medium  of  comparison  satisfy  tne  equations  of  Maxwell  and 
boundary  boundary  conditions  of  elementary  rectangle  from  the  side  a 


and  b 


Fig.  35.  Periodic  metallic  surface. 

Fig.  36.  Transient  periodic  layer. 

Page  162. 

These  boundary  conditions  must  ensure  the  periodicity  of  fields 
in  the  medium  of  comparison.  They  consist  in  the  fact  that  on 
opposite  sides  of  rectangle  tne  tangential  components  must  coincide; 
normal  components  in  this  case  mil  be  characterized  by  sign.  Under 
such  boundary  conditions  of  tne  field  of  their  own  waves,  they 
satisfy  the  same  condition  or  orthogonality  (3.7)  as  in  waveguide.  W 
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number  them  on  (3.8)  . 

With Z <0  and  z>L  auxiliary  medium  is  uniform.  The  dependence  of 
different  components  of  tne  fields  of  its  own  waves  on  x  and  y  is 
given  by  the  functions 

sin  m-.s'nnqi  ,ii.9  =  0.1...  (19.1) 

COS  a  COS  " 

In  the  transition  region  0<z<L  or  the  field  of  each  wave, 
continuously  they  change  witn  cnange  z. 

Let  us  decompose  field  at  aacn  point  of  transition  layer  in 
row/series  on  the  fields  of  its  own  waves  of  the  medium  of 
comparison,  which  corresponds  to  given  z.  Let  us  designate  the 
coefficients  of  expansion  tnrougn  Bj  (z)  .  They  satisfy  infinite  system 
of  equations  (8.5),  and  coupnug  coefficients  are  given  by  the  same 
formulas  (8.6)  or  (8.16). 

End  conditions  for  system  (8.5)  are  found  from  requirement  so 
that  with  z=0  the  field  of  tne  incident  wave  would  coincide  with 
field  of  one  of  the  direct/straignt  its  own  waves,  precisely,  that 
wave  whose  fields  do  net  depend  on  x  and  y.  We  will  appropriate  to  it 
index  j=1.  End  conditions  coincide  with  (8.7)  with  a=1,  they  consist 
in  the  fact  that  with  z=0  amplitude  of  all  direct  waves,  except  wave 
j=1,  they  are  equal  to  zero,  and  Bx  (  z)  equal  to  the  amplitude 
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incident  wave.  With  z=L  are  equal  to  zero  fields  of  all  backward 
waves. 


After  solving  system  (8.5)-(3.7),  we  will  find  fields  on  planes 
z=0  and  z=L.  Simultaneously  are  determined  fields  in  the  uniform 
half-spaces  z<0,  z>L,  since  P.^lO)  equal  to  reflection  coefficient, 

f 

Pt  (L)  -  coefficient  of  passage,  and  Pj  (  0)  with  jJ<-1  and  Pj  (L)  with 
j>1  they  give  the  amplitudes  of  tne  diffracted  waves  in  left  and 
right  half-spaces. 

Transition  to  the  problem  of  diffraction  on  the  periodic 
interface  of  two  media  witn  different  values  of  dielectric  constant 
£,  and  S+  (Fig.  37)  is  conducted  in  the  same  manner  as  for  in  §  8,  In 
layer  +0<z<L  \  ,  it  is  piecewise  constant  function;  considering  it  as 
the  limit  of  continuous  function,  we  we  will  again  obtain  for 
coupling  coefficients  expression  (8.22). 

Thus,  three-dimensional  diffraction  problem  is  reduced  to  the 
computation  of  coupling  coefficients  and  to  system  (8.5)- (9.7).  If 
interface  does  not  depend  on  one  of  the  coordinates,  then  the 
determination  of  the  fields  of  its  own  waves  and  coupling 
coefficients  considerably  is  simplified. 


Pa gw  163 
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As  always  in  the  metnod  or  cross  sections,  the  solution  of 
system  (8.5)  can  be  obtained  in  explicit  integral  form,  if  the 
parameters  of  medium  are  chanyed  slowly.  For  a  problem  of  diffraction 
on  interface  (Fig.  37)  this  means  that  the  height  of  irregularities 
must  be  great  in  comparison  with  periods  a  and  b.  In  this  case, 
solution  is  given  by  formulas  (8.34). 

3.  Let  us  examine  now  briefly  problem  of  diffraction  on  periodic 
surface  of  metal.  As  in  the  tnecry  of  irregular  waveguides,  system  of 
equations  (8.5)  remains  valid  upon  transfer  from  dielectric  to  metal, 
and  expressions  for  the  coefficients  of  connection  can  be  obtained  by 
passage  to  the  limit  M-  ->*•;  they  are  given  by  formulas  (9.2)  or 
(9,5)  .  There  is,  however,  one  essential  difference  between  problems, 
examined  in  §  9,  and  problem  of  diffraction.  This  is  connected  with 
the  fact  that  the  topological  structure  of  the  medium  of  comparison 
is  changed  by  jump  upon  transfer  through  plane  z=0.  Therefore  the 
fields  of  their  own  waves,  generally  speaking,  are  not  continuous 
upon  transfer  through  this  plane.  Formally  the  apparatus  of  the 
method  of  cross  sections  can  be  nevertheless  it  is  used  in  entire 
space,  if  we  consider  that  the  coupling  coefficients  (8.6)  are  turned 
at  point  z=0  into  infinity.  It  is  simpler,  however,  to  apply  system 
of  equations  (8.5)  only  m  region  z>0  where  all  coupling  coefficients 
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are  final  and  where  for  tnem  valid  formulas  §  9.  End  conditions 
(8.6)  ,  which  assume  the  continuity  of  the  fields  of  their  own  waves 
of  z=0  and  continuity  of  coefficients  Pj  (z)  ,  will  be  no  longer  used, 

End  conditions  for  (8.5)  witn  z=+Q  must  be  found  from  the 
auxiliary  problem  of  diffraction  on  the  boundary  of  half-space  z>0, 
which  regarding  with  all  z>0  has  the  same  structure,  as  the  section 
of  the  periodic  surface  in  stion  by  plane  z=+0.  This  auxiliary 
problem  usually  can  be  orougnt  to  the  infinite  system  of  algebraic 
equations.  After  finding  from  it  the  relationship  between  the 
amplitudes  of  various  waves  with  z=+0  and  z=-0,  it  is  possible  then 
to  pass  to  system  (8.5). 


Thus,  the  applicatioa/use  or  a  method  of  cross  sections  to  the 
problem  of  diffraction  on  metallic  surface  is  connected,  generally 


speaking,  with  supplementary  complexity 
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Pig.  37.  Periodic  dielectric  surface. 
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It  will  not  be  only  in  the  case,  examined  in  the  first  point/item, 
since  for  this  case  corresponding  auxiliary  problem  has  the  trivial 
solution;  with  that  indicated  m  Pig.  36  polarization  the  field  of 
the  incident  wave  is  not  agitated  ny  the  system  of  planes  of  Fig.  38. 

Upon  transfer  to  metallic  surrace  there  are  changed  also  end 
conditions  with  z=L.  The  condition,  which  ensures  the  absence  of 
backward  waves  with  z=L+0,  will  be  replaced  by  the  requirement  of  the 
finitene>s  of  all  amplitudes  pj  (zj  with  z=L.  However,  this  end 
condition  proves  to  be  nc  more  complicated  than  (8.7) ;  it  one  should 
apply,  it  seems,  also  for  closed  waveguides  of  the  type  of  Fig.  34. 
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In  the  theory  of  irregular  waveguides,  we  also  would  encounter 
insufficiency  of  end  conditions  (8.7) ,  torrents  would  examine  the 
heterogeneities,  changing  tne  connection  of  sections.  For  solving 
such  problems,  for  example,,  of  tne  problem  of  metal  cone  in  waveguide 
(Fig.  39)  ,  also  one  should  first  examine  a  guestion  concerning 
coupling  of  two  semi-inra.nj.te  regular  waveguides  with  the  sections  of 
different  connectivity  (Fig.  40)  and  only  then  apply  system  of 
equations  (8.5)  . 


jgc 

P- 


■fir' 


DOC  =  79024310 


Fig.  38. 


PAGE  3#"^ 

3° 


•  ja 


fig.  39* 


Fig.  38.  System  of  parallel  nali-pianes, 


Fig.  39.  Metallic  cone  in  waveguide. 


Fig.  40. 
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Fig.  40.  Waveguide  of  comparison  to  Fig.  39. 
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Chapter  V. 

BENT  WAVEGUIDES. 

In  this  chapter  we  will  use  tne  method  of  cross  sections  to  the 
calculation  of  *he  bent  waveguides  of  rectangular  and  round  sections. 

§  20.  Bent  waveguide  of  rectangular  cross  section. 

1.  During  computation  of  coefricients  of  connection  ■fya  of  two 
waves,  we  will  be  restricted  to  curvatures  (discontinuities)  whose 
axis  is  parallel  to  one  of  sides  of  section.  For  another  location  of 
axis,  the  determination  F,m  from  rormulas  (7.18)  and  (7.20-7.22)  also 
is  reduced  to  simple  quadratures. 

Fracture  mutually  connects  only  waves  between  indices  of  which 
are  definite  relationship/ratros.  These  relationships  are  analogous 
to  those,  with  which  are  different  from  zero  coupling  coefficients 
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Sim,  those  calculated  in  the  first  point/item  §  16  for  special  type 
transitions.  As  it  was  noted  in  a  9,  fracture  is  a  special  case  of 
transition,  it  differs  from  tne  transition,  examined  in  §  16,  in 
terms  of  the  direction  cf  tne  anyies,  formed  with  Z-axis  by  the 
opposite  walls  of  waveguide.  Therefore  the  relationship/ratios 
between  the  indices  of  two  waves  with  which  ^'/m  not  is  equal  to  zero, 
differ  from  the  appropriate  relationshi p/ratios  §  16  in  terms  of 
conditions,  which  relate  to  tne  parity  of  indices. 

According  to  the  condition,  accepted  in  §  4  and  7,  the  axis  is 

directed  toward  center  of  curvature,  so  that  mutual  location  cf  cross 

section  and  axis  of  fracture  (curvature)  is  given  by  Fig.  41  and  42. 

For  Fig.  41  larger  side  of  section  is  designated  by  letter  a  less  - 

by  letter  b.  In  the  case,  wnich  corresponds  to  Fig.  42,  we  will 

designate  the  length  of  the  smaller  side  of  section  by  letter  a,  the 

length  of  larger  side  -  by  letter  b,  so  that  in  both  cases  will  be 

preserved  all  designations  of  §  3.  The  dependence  of  fields  on 

sin  sin 

coordinate  x  is  given  by  factors  CosT,,"‘  or  cos  a  n*  ^or  waves 
of  number  m  and  j  respectively;  dependence  on  coordinate  y  is 
determined  by  factors  cos  *2T^m  or  cos  T ^ 

Page  166. 


Calculating  integrals  (7.18),  it  is  easy  to  check  that  the  necessary 
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conditions  for  difference  P,m  from  zero  take  the  fora 

=  q„  n„,  4-  n,  —  Ht'lernoe  *mc;:o.  (20. 1) 

Key:  (1).  odd  number. 

In  other  words,  fracture  causes  tne  appearance  of  waves,  which  have 
tighter  dependence  on  the  coordinate,  parallel  to  the  axis  of 
fracture,  that  u^y  the  incident  wave,  and  another  parity  of  the 
index,  which  gives  dependence  on  the  coordinate,  perpendicular  to 
axis. 


Computation  on  formulas  (71.6),  (7.22)  and  (3.21-3.23)  is 
connected  not  with  what  complexities,  and  we  will  give  only  final 
results.  Written  below  formula  (20.2a)  is  related  to  the  case  when 
both  of  waves  -  magnetic  type,  formula  (20.2b)  -  when  they  are 
electrical  types  both,  and  formula  (20.2c)  -  to  that  case  when  m  - 
magnetic  wave,  and  j  -  electrical  wave.  Conditions  (20.1)  in  all 
cases  are  considered  carried  out.  We  extract  formulas  in  this  form  so 
as  to  emphasize  that  of  tne  hign  frequencies  when  all  given  wave 
numbers  h  are  close  to  unity,  the  coupling  coefficients  are 
proportional  to  the  frequency 


F  — 

1  /m  — 


H- 


F jm  — 


V*/1*;  hl  +  hm  *4 
V/am  Z 

(20.2a) 


nl'~nm 

/fl  Vn, 


- — la;  (20.2b) 


/m 


Qnm  "*  -  "»  amat*> 


(20.2c) 


Wave  numbers  <xm,  a,-  are  determined  by  formula  (3.22). 
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Fig.  41.  Fracture  in  place  H. 


Pig.  42.  Practuro  in  plane  ti. 

Page  167. 

2.  Let  us  use  these  general  formulas  to  problem  of  incidence  in 
fundamental  wave  on  fracture  or  curvature. 


With  fracture  in  plane  H  (Fig.  41)  main  wave  must  be  designated 
as  Hi  or  so  that  <im^0.  Accordingly  (20.2c),  waves  of  the  type  E 

are  not  formed,  will  arise  only  waves  Hn>,  where  n “ "/  -  even  numbers. 
The  coupling  coefficient,  computed  in  (20.2a),  is  equal  to 


ft  __  w. _ (*w  4  h,V 


ka. 


(20.3) 


n* 

Energy  losses  with  fracture  in  plane  H  are  determined  virtually 
only  by  wave  //*•(«/ ---2).  Witn  71*1  it  takes  away  the  energy,  equal  to 
approximately  0.032(ka)  *620*  where  80  -  angle  of  fracture  in 


radians,  and  energy  of  the  incident  wave,  as  it  is  everywhere  lower, 


■?r-,-J£--'f~~' ■?* cjL^£  ' ■“■ 
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is  accepted  equal  to  unity.  This  comprises  more  than  99o/o  entire 
energy,  taken  away  by  ail  /{no-waves.  Waves  H40,  H6Q  and  so  forth  one 
must  take  into  account  cnly  near  critical  frequencies. 


With  curvature  witn  large  radius  of  curvature  in  plane  H,  the 
amplitude  of  appearing  direct  wave  H20  is  equal  to 

\Pj\ -  1.2-10-*-  (fen)* “  | sin  Y |  *  (204> 

Here  a  -  difference  in  phase  change  of  waves  Hto  and  H20  at  entire 
curvature.  Counted  off  phase  must  be  along  the  axis  of  waveguide, 
since  for  all  waves  value  r„  introduced  by  condition  (7.25),  is 
equal,  as  it  is  easy  tc  check,  to  distance  from  the  axis  of  curvature 
to  the  center  of  section. 


If  |<r(not  is  small  in  comparison  with  unity  and  it  is  necessary 
to  ensure  low  losses  over  a  wide  range  of  frequencies,  then  radius  of 
curvature  must  be  selected  oy  sucn  so  that  would  be  low  value 
1. (ka)  4a2/r2.  If,  for  example,  at  the  short-wave  edge  of  range 
ka=12,  then  relative  energy  losses  are  equal  to  3a2/r2;  in  order  to 

dB 

ensure  losses  are  less  -  30  at,  it  is  necessary  to  make  the  bending 
radius  55  times  of  more  tnan  the  wide  side  a. 


To  fracture  in  plane  E  it  corresponds  to  Fig.  42,  and  the 
designation  of  main  wave  will  De  H01,  so  that  nm  =  0,  qm  —  1-  According 
to  (20.2),  will  arise  the  waves  l-m  and  //„„  where  n~nj  -  odd  number. 


llliiPlMtPWg§igj®*pips«^gll^pgKp^^l 


DOC  =  79024311 


PAGE  3*27 


Coupling  coefficients  with  waves  £«  are  equal  to 


F  .  t\'2i  *,  +  hm 

i  ....  —  — - .  - - - - 


nj Y 1  +  n*h 


-kb.  (20.5) 


Coupling  coefficients  with  waves  Hm  are  equal  to 


F„n  -  — 


2  {Fli  *,  +  *„ 


fl)/l  +  n>Va* 


-to.  (20.6) 
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Let  us  recall  that  in  two  after  their  formulas  b  -  the  wide  side  of 
section  and  a  -  narrow  side. 


Far  from  the  resonance  frequencies  of  waves  H31,  HS1,  . ..,  E31, 
E5 1  is  sufficient  to  consxaer  the  energy,  taken  away  by  waves  E,,  and 
Htl.  The  ratio/relation  tne  energy,  taken  away  by  wave  E4 1 ,  to  wave 
energy  Hn  is  equal  approximately  to  the  square  of  the  ratio  of 
larger  side  to  smaller,  if  tne  ratxo/relation  of  the  sides  of  the 
section  is  equal  to  twc  (o/a=2  an  the  designations  of  Fig.  42),  then 
wave  Etl  takes  away  the  energy,  equal  to  approximately  0.017  (k  b) 
zd20f  wave  Hu  -  is  approximately  four  times  less.  Total  energy 
losses  will  be  one  and  a  half  times  less  than  with  fracture  in  plane 
H  to  the  same  angle. 


With  curvature  in  plane  E,  tne  wave  amplitude  Etl  is  equal  (with 


b/a=2) 


(20.7) 


| 

|jj  ^ 


! 
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According  to  (20.7)  and  (20.4),  tne  losses  to  conversion  and 
requirement  for  the  value  or  sending  radius  at  the  fixed  value  ka  for 
both  of  types  of  curvatures  are  very  close. 


Let  us  note  on  conclusion  or  this  paragraph,  that  if  the 
waveguide  works  in  single-wave  conuitions/mode,  i.e.,  frequency  is 
not  so  great  so  that  the  parasitic  waves  could  be  propagated,  then 
losses  were  due  only  tc  the  reflected  wave.  Its  amplitude  is 
inversely  proportional  to  tne  square  of  radius  of  curvature  or  (for  a 
fracture)  to  the  square  of  tne  angle  of  fracture.  It  can  be  found 
from  the  following  diagram;  from  (7.27)  are  determined  the  amplitudes 
of  the  direct/straight  and  reverse/inverse  parasitic  waves,  generated 
the  transmitted  main  wave,  and  then  from  (7.24)  -  amplitude  of  the 
reverse/inverse  main  wave,  generated  these  parasitic  waves.  For  a 
reflection  amplitude,  is  ootaineu  in  this  case  the  expression  in  the 
form  of  row/series,  however,  since  coupling  coefficients  rapidly 
decrease  with  an  increase  m  tne  number  of  parasitic  wave,  then  in 
computations  will  participate  only  several  terms  of  row/series.  This 
method,  it  goes  without  saying,  is  not  limited  only  by  rectangular 
waveguides  and  main  wave. 


§  21.  Bent  circular  waveguide.  Wave  Hlt. 
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This  paragraph  is  written  m  essence  according  to  the  results  of 
N.  P.  Kerzhentseva's  article  £99]. 

Page  169. 

1.  Coupling  coefficients  of  two  waves  in  circular  waveguide  are 
nonzero  only  during  specific  ratios  between  indices  of  waves  and 
between  direction  of  their  polarization.  Ke  will  examine  only  such 
asymmetrical  waves  whose  polarization,  i.e.,  dependence  on  azimuthal 
angle  p,  is  determined  by  factor  sin  np  or  cos  np  in  expression  for 
tnembrane/diaphragm  function  '!•’  or  Since  waves  of  both  of 
polarizations  differently  overcome  fracture  (cr  curvature) ,  then 
during  the  propagation  of  wave  in  intermediate  polarization,  i.e., 
with  factor  cos  n(p-p0)  in  memorane/diaphragm  function,  it  is 
necessary  the  field  of  this  wave  to  present  as  the  imposition  of  the 
fields  of  two  waves  of  fundamental  polarization  and  each 
term/component/addend  to  examine  separately.  Let  us  recall  that  the 
angle  p  is  counted  off  from  axis  x,  oriented  to  center  of  curvature, 
i.e.,  by  that  lying  at  the  plane  of  bending. 

The  azimuthal  indices  or  two  waves,  connected  with  fracture, 
must  differ  per  unit,  i.e.,  the  necessary  condition  for  difference 


k 
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^/«  from  zero  is  the  equality 

(21.1) 

When  both  of  waves  belong  co  one  and  the  same  type  -  magnetic  or 
electrical,  then  F,m  is  excellent  from  zero,  only  if 
membrane/diaphragm  functions  contain  one  and  the  same  trigonometric 
function,  i.e.,  both  are  proportional  either  to  cos  np  or  sin  np. 

When  one  of  the  waves  -  magnetic  type,  and  the  second  -  electrical, 
tnen  Fim  is  excellent  from  zero,  ir  membrane/diaphragm  functions  are 
proportional  to  different  trigonometric  functions.  For  the 
symmetrical  waves  n=0,  and  during  the  application/use  of  this  rule  it 
is  necessary  to  consider  that  ^  or  4>  they  contain  factor  cos  np. 

During  satisfaction  of  two  conditions  indicated,  superimposed  to 
polarization  and  azimuthal  depenuence,  coefficients  F,„ ,  are  nonzero 
for  any  two  wa.es,  Exception/eiimmation  is  the  combination  of  waves 
Hoo„,  .  A  FU/i,  for  which  F,,n  is  excellent  from  zero  only  when  V»i  —  <7/- 
and  besides  only  for  waves  of  one  and  the  same  direction. 


The  special  character  or  tins  case  is  connected  with  the 
structure  of  given  below  formula  (21.2c)  and  the  fact  that  wave 
and  Eu  degenerated. 


Coupling  coefficient  for  two  magnetic  waves  is  equal  to 

r  ..  ,  ,(h;- «,»,„) 


( I V  -  n)  V  n;„  ~ 


h^ku. 

lit. 


(21. 2a). 
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For  two  electrical  waves  the  coupling  coefficient  is  equal  to 

smv;  -f-  h ,  r -  h.  h,n 

F,m  _  _i  (21.2b) 

(vy  -  vrn) 

If  wave  m  -  is  magnetic,  ana  wave  of  number  j  -  electrical,  then 


/■  /m  ~  —  i 


_ ^ 

i/~ - —/  ,  v  '-'n/ 

V  (l*«  -  •'/)  ‘ 


hi  *4* 

y- - -*a.  (21.2c) 


Last/latter  formula  is  written  ror  that  case  when 

t|5m  ~cos«m3,  <p/~sinn/p.  (21.3) 

But  if 

V’'n~sinrtmp,  (f/~  cos (21.4) 

then  in  (21.2c)  it  is  necessary  to  change  sign  to  reverse/inverse. 


From  (21.2c)  it  follows,  in  particular  that  wave  Hoq{n,„—  0)  is 
not  connected  by  fracture  with  E-waves.  The  special  case  they  are 
waves  with  the  same  value  of  q,  for  which v,— pm  and  formula  (21.2c) 
is  not  used.  This  case  will  ne  analyzed  thoroughly  in  the  following 
paragraph. 
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2.  Let  us  examine  an  more  derail  wave  Hlt.  Its 

membrane/diaphragm  function  takes  the  form 

V"  —  A""  ■  J i  (amP)  cos  [i  (21. 5) 

or 

a„,p)sin[J.  (21.6) 

Wave  with  membrane/diaphraga  function  (21.5)  let  us  call/name 
the  wave  of  the  first  polarization;  its  electric  field  in  section  is 
represented  in  Fig.  43.  Wave  wxth  aembrane/diaphragm  function  (21.6) 
let  us  call/name  the  wave  of  the  second  polarization;  its  field  is 
given  in  Fig.  44.  With  xncidenc e/drop  on  fracture,  wave  Hu  of  the 
first  polarization  causes  the  appearance  of  waves  of  waves 
(for  which  ily~cos23)  and  waves  Etq  (for  which  '1)/ — sin 23);  wave  Ht  t  of 
the  second  polarization,  correspondingly,  it  generates  on  the 
fracture  of  wave  Euq,  lliq(\ |i/~sin23).  and  (<p/  —  cos2,3).  However,  coupling 
coefficients  rapidly  decrease  with  number  q;  therefore  the  large  part 
of  the  energy  of  parasitic  waves  is  taken  away  by  waves  HZ1  and  H01  - 
for  wave  Hlt  of  the  first  polarization  and  by  waves  E0i  and  H2l  -  for 
wave  Hjj  of  the  second  polarization.  Table  (21.1)  gives  energy  losses 
(in  o/o  to  that  falling)  on  fracture  in  1°. 

Page  171. 

At  the  high  fr'’  duencies  wnen  m  formulas  (21.2)  it  is  possible 
to  set/assume  lisl,  the  total  energy  losses  of  the  wave  of  the  first 
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polarization  can  be  calculated  according  to  the  formula 

0,14  (ku)-  O*  (21.7) 

(d0  -  in  radians).  Almost  three  fourths  in  this  energy  takes  away 
wave  Hzl,  about  one  fourth  -  wave  H01,  to  wave  E21#  it  is 
approximately  0.6o/o,  remaining  waves  it  is  possible  not  to  take  into 
consideration. 


172 
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For  the  second  polarization  of  energy  loss  on  fracture,  they  are 


equal  to 


0,23  (kaf  0>D. 


(21.8) 


Almost  three  fifth  it  falls  to  wave  E0i»  two  fifth  -  to  wave  H21 


3.  With  incidence/drop  on  cenaing  of  sick  radius  of  loss  to 


conversion  for  wave  of  first  polarization,  they  prove  to  be 


approximately  by  an  order  lower  than  for  wave  of  second  polarization. 


Calculation  according  to  formula  (7.29)  shows,  for  example,  that  so 


that  in  the  broadband  of  the  loss  tor  the  second  polarization  there 
would  be  less  than  0.5  oending  radius  must  be,  independent  of 


angle  of  curvature,  50  times  it  is  more  than  at  least  a  radius  of 


waveguide.  For  the  second  polarization  it  is  sufficient  so  that  there 


would  be  r/a>10. 


If  bending  radius  r  is  not  very  great,  then  amplitude  of  one  of 


the  parasitic  waves  can  achieve  tne  values  of  the  order  of  one,  while 


the  amplitudes  of  all  remaining  parasitic  waves  will  be  still 


negligible.  In  this  case,  the  given  amplitude  of  the  fundamental  wave 


Pm  (A) 

A  will  no  longer  be  constant  at  entire  bending,  and  formula 


(7.28-7.29)  they  will  cease  to  ae  used.  However,  system  (7.24)  can  be 


will  be  simplified,  after  preserving  in  it  in  the  old  system  of  two 


equations:  for  Pm  ('’>)  and  the  given  amplitude  of  the  greatest 


parasitic  wave  />,{0). in  this  case,  will  be  obtained  the  system  of  two 


m 
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equations:  after  solving  it,  it  will  be  possible  to  then 
establish/install  the  limits  of  the  applicability  of  simpler 
solutions  (7.28-7.29)  and,  it  this  is  necessary,  to  calculate  the 
amplitudes  of  remaining  parasitic  waves,  retaining  in  the  right  side 
of  each  of  equations  (7.24)  for  these  waves  of  two 
ter m/componen t/addends ,  which  contain  Pm  and  Analogous 

examination  was  by  us  carried  out  in  §  15;  there,  however,  us 
Interested  in  essence  tne  conditions,  close  to  degeneration,  which  we 
in  this  paragraph  be  occupied  will  not  be. 


Let  us  illustrate  this  calculation,  which  is  the  refinement  of 
the  common/general/total  calculation  of  the  fourth  point/item  of  §  7, 
based  on  the  example  of  wave  tilt  of  the  second  polarization.  Main 
parasitic  wave  -  the  wave  of  numoer  j  -  according  to 
preceding/previous  will  be  direct  wave  E0l.  System  of  equations  for 
Pm  (0)  and  P/(0)  will  be,  according  to  (7.24), 


•  '  7,mV0 

Pm  r  m,Pfi 

>  _  ‘P'm  VQ 

Pi  =»  />« pne 


(21.9) 


Since  in  this  system  are  preserved  only  direct  waves,  then  boundary 
conditions  will  be: 

Pm  (0)  =  1;  P/(0)^0.  (21.10) 

Page  17  3. 
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In  order  to  record  tne  solution  in  convenient  for  further 
analysis  form,  let  us  introduce  critical  angle  V*.  after  determining 
by  its  formula 


#«P  = 


W 


:/ ...  '\f  j  _  M'mi’Ffm 
'  '•MV  -A/ 


(21.11) 


The  solution  of  system  (zl.9),  (21.10)  takes  the  form  (sr  of 
formula  (15.21)) 


1  JtO 


/  nO  .  1  .  7:0  \  'C'iS — 


P, 


rlm 


■  n0 
sin - e 


—  2? 
~'w  id,  ' 


r(hm-lit)\V/2  28, 


Kp 


KP 


(21.12a) 

(21.12b) 


Formulas  (21.12)  are  close,  it  goes  without  saying,  to  formulas 
(7.28),  (7.29a)  they  pass  in  tuem  with  increase  of  r. 


During  change  3,  occurs  periodic  energy  transfer  from  the 
fundamental  wave  into  parasitic  and  back;  the  period  of  this  pumping 
is  equal  to  Oh,,.  on  (7.29a)  the  amplitude  ,7';!  •  also  periodically 
changes  between  the  zero  and  maximum  value.  The  period  of  this 
pumping  differs  from  0kp  (21.11)  in  terms  of  the  absence  of  factor 
1/W.  Maximum  value  \i>,\,  computed  m  formulas  (7.29a)  and  (21.12b), 
also  differs  in  terms  of  this  factor. 


The  amplitude  of  tne  fundamental  wave  I  "m  |.  accordingly  (21.12a), 
also  periodically  is  changed  rrom  unity  when  0  -  0.  20M,  and  so  forth 
to  1/W  when  tf=.0KP,  30M,  and  so  forth. 
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Thus,  quantitative  estraate/evaluation  of  error  which  appears 
with  the  disregard  of  the  reverse/inverse  action  of  parasitic  wave  on 
fundamental,  serves  the  difference  for  factor  W  from  unity.  It  is 
more  precise,  with  W—  1  <<  1  tnxs  reverse/inverse  action  causes  a 
relative  change  in  the  naxiurum  value  of  the  amplitude  of  parasitic 


wave,  it  is  equal 


Q  __  2  I ^ 


(21.13) 


This  same  to  expression  an  equal  relative  change  in  the  period  of 
energy  transfer. 


Parameter  C  in  the  proniem  of  bending  makes  approximately  the 
same  physical  sense,  that  value  1/g2  for  the  twisted  waveguide  (§ 


Let  us  return  to  our  an  example  -  to  waves  Hl,  and  E0l.  For 


these  waves  value  C  is  equal  (with  Hal) 

C  ^  0.2  . 

(r/o)- 

Page  174. 


(21.14) 


If,  for  example,  during  the  uetermination  of  the  maximum  power 
of  wave  E01  it  is  necessary  to  ensure  accuracy  into  IO0/0,  then 
formula  (7.29a)  it  is  possible  to  use  with  r/a^.0.8  (kA)z,  but  with 
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smaller  r  it  is  necessary  to  apply  formula  (21.12). 

The  higher  the  frequency,  taose  more  must  be  bending  radius,  so 
that  it  would  be  possible  to  set/assume  C<<1  and  to  disregard  the 
reverse/inverse  action  of  parasitic  wave  on  fundamental.  This  is 
explained  to  an  increase  in  tae  coupling  coefficients  and  by  the 
approach  of  the  propagation  constants  of  different  waves  during  an 
increase  in  the  frequency. 

With  incidence/drop  on  tne  oending  of  wave  Hlt  of  the  first 
polarization  fundamental  parasitic  wave  will  be  wave  H21.  Parameter  C 
(21.13)  will  differ  from  expression  (21.14)  in  terms  of  the 
replacement  of  coefficient  by  0.2  by  0.1. 

It  goes  without  saying,  formulas  (21.12)  and  condition  C«1, 
where  C  is  determined  by  rormuia  (21.13),  they  are  used  during  the 
analysis  of  the  waveguiue  nend  of  arbitrary  section.  For  example, 
during  incidence  in  wave  ii10  on  tne  bending  of  rectangular  waveguide 
in  plane  H  the  dominant  role,  according  to  (20.3),  plays  wave  H20, 
and  parameter  C  for  these  waves  is  given  by  the  same  formula  (21.1-1) 
(a  -  wide  side  of  section),  m  wmch  numerical  coefficient  is  equal 
to  3*  1 0**4  . 

4.  From  formulas  (7. 2d)  i.e.  phase  of  wave  is 
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determined  only  by  factor  e~,hm ,0.  Accordingly  (21 . 12a)  ,  P«(®)  has 
different  from  zero  phases,  and  the  phase  of  wave  at  output  will  not 
be  equal  to  /i,„rd0.  This  can  ne  treated  as  a  change  in  the  wave 
propogation  constant  of  numoer  m,  connected  with  conversion  into  the 
parasitic  wave  of  number  j.  w'ltn  C«1  this  equivalent  change  in  value 
hm  is  equal,  as  it  is  easy  to  obtain  from  (21.12a), 

Ahn-~  ~C  (hm  —  hj).  (21.15) 

This  formula  is  analogous  to  formula  (15.26)  in  the  problem  of  the 
twisted  waveguide  of  rectangular  cross  section  far  from  degeneration 
conditions. 

A  change  in  the  propagation  constant  is  cf  the  order  1/r2,  and 
the  value  of  supplementary  pnase  tnere  will  be  crder  1/r. 

In  practical  sense  it  rs  suostantial,  that  the  value  of 
supplementary  phase  is  different  for  waves  H t  x  of  both  of 
polarizations.  For  the  wave  of  tne  first  polarization,  supplementary 
phase  is  considerably  less  tnan  for  the  wave  cf  the  second 
polarization.  At  high  frequencies  (hxl)  a  phase  difference  of  waves 
of  both  of  polarizations  as  equal  (in  radians) 

0,24  ~0o  (to,)*.  (21.16) 

Page  174. 


If  wave  Hlx  falls  on  oenuing  rn  such  a  way  that  the  plane  of  the 
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symmetry  of  wave  is  inclined  toward  the  plane  of  bending  at  the 
angle,  not  equal  to  zero  or  w/2,  then  this  difference  in 
supplementary  phases  leads  to  the  elliptical  polarization  of  the 
transmitted  wave  Htl.  This  effect  occurs  also  for  a  single-wave 
system,  i.e. ,  if  ka<2.4  and  wave  E01  is  not  propagated.  The  analysis 
of  formula  (21.12a),  in  wmcn  in  this  case  one  should  assume  h,  pure 
imaginary  ones,  it  shows  tnat  in  single- wave  system  a  phase 
difference  is  small  and  aoes  not  exceed  several  degrees.  For  example, 
with  ka=2.2,  r=1 0a  and  a0=v/2  this  phase  difference  is  equal  to  2*2°. 


§  22.  Wave  H0l  in  the  bent  circular  waveguide. 


1.  Fracture  connects  wave  Hol  with  waves  Hli}  of  both  of 
directions,  polarized  so  that 


--  A7'7,(a,p) cos(i. 

Coupling  coefficients  are  equal  to 

C  ;  4f*An  <*#+*«>* 
ri">-  t—%  --r- - - - 


(22.1) 


4ft, 


-  ka.  (22.2) 


Furthermore,  it  is  different  from  zero  coupling  coefficients  of  wave 
H01  with  wave  of  the  same  direction,  polarized  so  that 

<p'  =•  M'J\  (a/p) -sin  p.  (22.3) 


Coupling  coefficient  is  equal  to 

ka 

Coupling  coefficient  with  wave  E4i, 


IV 


—  i 


<22.4 


for  which  q/^cos?,  is  equal  to 
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zero. 

For  a  coaxial  waveguide  analogous  formulas  obtained  0.  Sh. 
Shushpancv  [100].  The  introduction  of  internal  wiring  does  not 
remove/take  degeneration  oetween  waves  H01  and  E1X. 

Difference  from  zero  coupling  coefficients  of  wave  H0j  with  wave 
E,  i  (and  generally  Hon  r roa  E\q)  tne  same  direction  can  be  explained, 
relying  on  the  considerations,  given  at  the  end  of  §  9,  by  the  fact 
that  these  waves  degenerated,  x.e.,  possess  identical  phase  speed. 
According  to  these  considerations,  the  conversion  on  a  small  fracture 
is  the  imposition  of  two  effects;  conversion  on  a  small  step  of 
special  form  (for  displacement)  ana  of  addition  of  the  parasitic 
waves,  which  were  being  formed  along  semi-infinite  waveguide  on  such 
steps . 

Page  176. 

Since  coupling  coefficient  Slin  between  the  wave  //„,  and  all  E-waves 
is  equal  to  zero,  then  tne  amplitudes  of  E-waves,  which  arose  on  such 
steps,  are  very  small  (they  are  proportional  to  the  square  of  the 
height/altitude  of  step)  ana  their  total  amplitude  also  is  very 
small.  However,  wave  Etl  possesses  the  same  phase  speed,  as  H01,  and 
all  psrasitic  waves,  wna.cn  are  formed  on  such  steps. 


store/add 
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up  in  phase.  Their  total  amplitude  proves  to  be  proportional  to  the 
angle  ot  fracture,  and  this  indicates  that  />«  for  waves  Hot  and  Etl 
is  different  from  zero. 

2.  Energy,  scattered  at  tne  bend  in  the  form  of  any  Hlq-  wave,  in 
essence  departs  in  forward  direction.  The  ratio/relation  to  energy  of 

backward  wave  to  energy  by  straight  line 

/  hi  ~  k!  \4 

('CmT)  (22'6) 

always  less  the.i  unity  approaches  unity  only  near  the  critical 
frequency  of  wave  Hvi  -  special  case,  in  detail  investigated  in  §  13. 
The  relative  energy,  taken  away  by  direct/straight  and 
re  verse/in  verce  ’-V  waves,  i.  equal  to 


.  - - '  ‘ h,)-  (kafDl.  (22.6) 

u*;  —  !»;„)*  <«»';--•)  w,»ih, 


The  energy,  taken  away  cy  wave  fcll#  is  equal  to 

(22.7) 

In  order  to  find  entire  lost  energy,  it  is  necessary  (to  22.6) 
to  sum  up  on  all  propagated  waves  Hiq  and  to  add  (22.7).  Expression 
(22.7)  is  proportional  to  tne  square  of  parameter  ka,  and  in  (22.6), 
frequency  enters,  furthermore,  in  h„,  and  ft,,  and  with  an  increase  in 
the  frequency  increases  a  number  or  members  of  type  (22.6).  During 
the  approach/approximation  or  operating  frequency  to  critical  one  of 
the  waves  of  the  type  Hlq  the  energy,  taken  away  by  these  waves, 
increases,  and  in  immediate  proximity  to  the  critical  frequency  of 
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wave  amplitude  Hxq  they  become  comparable  with  the  amplitude  of  the 
incident  wave  (§  13)  .  Far  rrcm  critical  frequency,  with  “h~1,  total 
loss  energies  will  be  equal  to  0-1o(ka)  2d?0  (80  in  radians).  Three 

fifths  of  this  energy  takes  away  wave  H12,  approximately  on  one  fifth 
-  waves  E,j  and  Htl. 

Given  below  Table  22.1  gives  the  values  of  relative  losses  on 
fracture  in  1°,  calc  iatea  according  to  (22.6)  and  (22.7).  In  row 
Hlv{q  --  1, 2,  3)  are  given  the  energies,  taken  away  by  both  Htr  waves. 

Page  177. 

In  brackets  are  shown  tne  values  wnich  were  given  in  Miller's  article 
[101]  ». 

FOOTNOTE  *.  This  article  contains  no  formulas  according  to  the  theory 
of  fracture,  in  it  are  given  only  indicated  numerical  results. 
ENDFOOTNOTE. 

Table  21.2  is  borrowed  from  the  work  of  M.  V.  Persikov,  iu.  N. 
Kazantsev  and  k.  I.  Kozelev  [102].  In  the  table  are  compared  the 
measured  and  calculated  according  to  the  given  formulas  values  of  the 
ratio/relation  to  energy  of  the  parasitic  waves  Hlt  and  E11# 
scattered  forward,  to  energy  or  tue  incident  wave  H01  with  a=25  mm. 
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X=3.2  cm  and  by  S0=2.3°.  aesuits  are  given  in  decibels;  measurements 
completely  confirmed  calculations. 

Thus,  great  energy  content  is  lost  in  the  form  of  wave  Hx2.  If, 
however,  the  electrical  lengtn  or  fracture  increases  (for  example  it 
increases  r  with  constant  d0),  then  the  amplitudes  of  all  waves 
decrease,  according  to  (7.29),  and  wave  amplitude  EIX  remains 
constant/invariable.  Therefore  with  large  bending  radii  with  small  30 
of  loss  in  essence,  they  are  connected  with  wave  development  Ex x .  An 
increase  in  the  bending  raaius  does  not  decrease  amplitude  by  that 
appearing  they  are  water  Exx.  Is  especially  essential  this  effect  for 
the  bendings  on  final  angle  to  examination  of  which  we  pass. 
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Table  22.1.  Losses  to  conversion  on  fracture  in  1°  (in  0/0) 


/ 

j  ha 

4.01 

7.07 

11.3.1 

| ,,, 

l.‘.77 

'9.04 

1 

;  20.G0 

1 

j  39.99 

vj.  j  > 

F.u 

0,025 

0,032 

0,138 

0, 15(i 

j  0,11)9 

|  0,400 

0,784 

1,65 

2,50 

"u 

0,010 

0,0i:$i 

0, 120 

0,1  Oil 

0,103 

0,8;  13 

0,739 

1 ,07 

2*53 

//is 

— 

0,081 

0,31G 

0,831 

0,417 

1,075 

2,03 

4,64 

7,06 

(0,34), 

(0,41) 

(2.0) 

(4.8) 

(»> 

— 

— 

0  ,002] 

0,002 

0,003 

0,008 

0,015 

0,036 

0,055 

Bcero  .  .  . 

0,04 

0,19 

! 

0,58 

1 

1 0 , 09 

0,75 

i 

1,88 

3,5! 

8,00 

12,2 

Key:  (1)  .  In  all. 


Table  22.2.  Scattering  on  fracture. 


H 

.1  !  £ 

U 

(O  1 

© 

1 

l 

Hjsicpcuiioc 

PiUMOTIUiC  1  I13MV(’VU»!«|C 

PuCMCTtlGc 

—28,2 

—28.6  |  —28,3 

-28,9 

Key:  (1).  Measured.  (2).  Calculated. 


Page  178. 

3.  Let  r>>a,  30  -  finite  guautity;  in  practice  greatest  interest 
be  of  bendings  on  90°.  The  cophasality  of  elementary  waves  Enj,  which 
are  formed  in  different  sections  of  bending,  leads  to  the  fact  that 
the  wave  amplitude  Elt  reaches  finite  values.  As  in  §  15,  for  the 
investigation  of  the  phenomenon  of  degeneration  it  is  necessary  to 
solve  the  system  of  two  equations  from  common/general/total  system 


(7.24)  -  for  amplitudes  of  direct  waves  /70i(Pm(0))  and  Fn(pt(d)), 

This  system  takes  the  form 

Pm  —  Fp,\  p'i  -  f-'Pm-  (22.8) 

Here  F  -  coupling  coefficient  (22.4)  between  waves  R01  and  Ell# 
moreover  since  lim--hr 

The  solution  of  system  (22.8)  under  obvious  boundary  conditions 
Pm(U)  •-  P/(0)  =*  0  takes  the  fora 

pm  =  cos  —• ;  (22.9a) 

P/-~  isin-—-.  (22.9b) 

Introduced  here  value 

(22.10) 

we  call  the  critical  angle  of  Jouguet.  Angle  introduced  in  the 
preceding/previous  paragraph  oy  condition  (21.11),  can  be  considered 
as  generalization  (22.10);  (21.11)  it  passes  in  (22.10)  when  h,--hm. 

According  to  (22.4) 

0,  -  Ah  -  77 ,5  4  mb.  (22.11) 

Y'/lta  a 

Key:  (1)  .  rad.  (2)  .  deg. 

Energy  consistently  passes  from  wave  H01  to  Ej j  and  vice  versa, 
complete  pumping  occurs  wuen  0  —  0r.  This  result  was  for  the  first  time 
obtained  by  Jouguet  [16]. 
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Thus,  with  final  ones  d  wave  amplitude  Ejj  stops  the  order  of 
one,  and  wave  amplitude  H01  can  noticeably  differ  from  one.  Therefore 
during  the  determination  of  tne  amplitudes  of  the  parasitic  waves, 
which  appear  together  witu  wave  E11#  at  flat  bending  with  final  d0, 
it  is  necessary  in  right  side  (7.24)  to  substitute  solution  (22.9). 
The  amplitude  of  any  wave  ot  index  s  is  determined  in  this  case  of 
the  equation 

p,  —  iFsl sin  (2212) 

Page  179. 

Determination  lh  is  reduced  to  elementary  quadratures.  Already  in 
the  first  order  on  1 /r  will  arise  the  parasitic  waves  with  n^l, 
obliged  by  communicatioc/connection  with  wave  Ellr  for  which  it  is 
different  from  zero  coefficients  Pt,. 


4.  Jouguet's  result  (22.9)  was  generalized  by  Viktorova  and 
Sveshnikov  [21],  that  examined  incidence  in  wave  H0 t  on 
three-dimensional/space  bent  circular  waveguide.  The  axis  of 
waveguide  forms  the  helix,  cnaracterized  by  radius  of  curvature  r  and 
by  twisting  y-  In  [21]  it  is  snown,  that  the  wave  amplitude  H0 1  in 
this  waveguide  changes  according  to  the  law 


According  to  (22.13),  for  a  nonplanar  bending  to  any  angle  30  it 
is  possible  (at  one  frequency)  to  ensure  the  absence  of  considerable 
conversion  of  modes  Hot  into  Elt,  after  selecting  twisting  *  axis 
in  such  a  way,  that  would  be  fulfilled  the  relationship/ratio 

\f  +  4?'  °°  =2n'fl  («  —  1.2...).  (22.14) 

Formula  (22.13)  it  is  easy  to  obtain  by  overall  diagram  7.  Let 
us  examine  for  this  simultaneously  three  interacting  with  each  other 
waves:  wave  H01  and  two  perpendicularly  polarized  waves  Elt;  the 
directions  of  the  polarization  of  these  waves  let  us  consider  the 
constants,  for  example  horizontal  and  vertical.  In  that  introduced  in 
§  7  coordinate  system,  x  axis  is  oriented  toward  center  of  curvature. 
In  this  coordinate  system,  the  aemorane/diaphragm  functions  of  these 


two  €lt-  waves  are  proportional  respectively 

sin  (fi  —  ft,)  euxdi  cos  (p- ft,), 


(22.15) 


where  0O  -  angle  in  cross-sectional  flow,  composed  by  the  direction 
of  x  axis  with  motionless  direction,  for  example  with  the  direction 
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^  3 


m 


pm  (0)  —  -  -! - C-.-cosl  AtV  +  ~  0,  (22. 13) 

4ft* 

which  is  the  generalization  of  formula  (22.9a),  valid  for  a 
flat/plane  bending. 


I 
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of  this  axis  in  the  beginning  of  oending.  Angle  ft0  is  proportional  to 


the  twisting 


P0  -  xrO. 


(22. 16) 


Page  180. 


Let  us  designate  the  given  wave  amplitudes  H0l  and  of  two  waves 
Et  t  with  the  angular  dependence  inuicated  respectively  /»<«.  Pq  and 
The  coupling  coefficient  of  tne  waves  of  numbers  q  and  s  with  wave 
H0 1  they  are  proportional  to  integral  of  the  product  of  trigonometric 
factor  (22.15)  on  sinp  and  tney  are  equal  to  respectively 

F  cos  ft,  11  F  $inp„,  (22.17) 

where  F  -  a  coupling  coefficient  (22.4)  of  wave  Hol  with  wave  Et 
(22.3),  whose  membrane/aiapnraga  function  is  proportional  sinp.  Both 
of  waves  Etl  are  not  directly  connected;  the  wave  numbers  of  all 
three  waves  coincide.  System  (7.r4)  for  three  variables  PoW  and 


/’*(®)  takes  the  form 


(/>«,  cos  y.ri)  j-  p,  sin  xrO ); 


dl>o  »'*  „  dp, 

“  ~  —  —  Pm  cos  xru;  —  ~ - />  sin  xrd. 

df)  2oc  dQ  2o,  "■ 


(22. 18) 


Analogous  system  was  by  anotner  method  obtained  in  [21].  Function 
Pm  (*>)  in  (22.13)  is  the  solution  or  system  (22.18)  under  obvious  end 
condi  tions  />„,  (0)  •*=  1 ,  />,,  (0)  p , (0)  =  0. 


5.  If  it  is  necessary  in  nroauband  to  ensure  at  the  bend 


p 


W  ! 


B- 


I  ( 


>t.  /—  _ 
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relatively  small  conversion  or  modes  H0l  into  Ett,  then  it  is 
necessary  by  any  path  tc  remove/take  degeneration,  i.e.,  to  create 
system,  in  which  propagation  constant  of  these  waves  do  not  coincide. 
One  of  the  known  methods  of  relieving  the  degeneration  is  transition 
from  all-metal  to  spiral  waveguide.  The  walls  of  this  waveguide  are 
formed  by  the  wire,  wound  on  tne  spiral  (it  is  more  precise  - 
according  to  helix  on  cylinder)  with  very  low  pitch.  After  wire,  with 
p>a,  where  a  -  radius  of  cylinder,  is  arrange/located  dielectric 
layer,  further  -  metallic  waveguide  (jacket) .  Spiral  virtually 
completely  shields  the  fieia  of  waves  tI0Q,'  and  these  waves  they  are 
propagated  the  same  radius.  The  field  of  remaining  waves  penetrates 
beyond  spiral;  their  propagation  constant  is  different  from  value 
h,  in  all-metal  waveguide.  Thus,  in  particular,  it  is  possible  to 
change  value  of  h  for  wave  atl. 

However,  with  this  simultaneously  change  also  coupling 
coefficients  between  dirferent  waves  in  this  system  in  comparison 
with  for  an  all-metal  waveguide.  In  formulas  of  §  7  for  F,m  one 

should  now  consider  a  change  in  the  structure  of  all  waves  (except 
waves  //ox.)  in  spiral  waveguide  m  comparison  with  the  waves,  described 
in  §  3.  This  calculation  is  produced  in  the  articles  of  Unger  [103] 
and  Kerzhentseva  [104], 

Page  181. 
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if'-  will  give  from  these  articles  the  numerical  values  of  the  coupling 
coefficient  of  wave  H0 1  wita  Ew;  ror  the  all-metal  waveguide  F,  is 
given  in  (22.4)  . 

Curve/graph  by  45  is  oorrowed  from  [103].  The  module/modulus  of 
coupling  coef f icient Jf|  is  represented  in  the  function  of  the 
imaginary  part  e*  of  dielectric  constant  e— «'— •  <e"  of  the 

material,  arrange/locatea  oetweeD  spirally  and  by  external  jacket. 

The  curve  a  is  related  to  case  e'  --4,  the  curve  b  -  to  e' e‘;  curves 
are  calculated  for  ka=29.5.  Taole  22.3  is  undertaken  fro*  [104],  In 

e"  when  there  is  no 
entire  space  with  p>a. 


it|F|is  given  for  several  values  ka,  e'  and 
external  jacket,  i.e.,  that  dielectric  fills 
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Fig.  45.  Coupling  coefficient  ia  spiral  waveguide  in  [101], 

Table  22.3-  Module/modulus  of  coupling  cofficient. 


ka  f>,o  | 

C,5  G,5  6,5  i2,9 

12,!ljl2,9 

29,5j29,5 

29,5  >9,5  29,5  29,5  29,5 

z'  \ 

4  4  4  40 

2  1  | 

1000  (34  ! 

i 

25  10  1  4  4 

t"  |  250 

64  10  j  1  |  40 

2  1  j 

1000  04 

j  25  10  1  90  8 

\F  |  j  i.17 

1 .13  !l  ,07  1.2412,21 

•lit 

1  .Id'  1 ,7  j 

5,2  4,2 1 

0,5  j  1,6  2,8  4,1  0,01 

|F|ho 

(22.'.} 


Keg-  £.0  C-n 

In  last/latter  line  corcectea  valuejF|for  an  all-metal  waveguide  on 
(22.4) . 


From  these  data  it  follows  mat  the  coupling  coefficient  in 
spiral  waveguide  can  ncticeaoly  ctnfer  from  ",2.4)r  and  during  strict 
calculation  of  losses  to  conversion  according  to  formulas  of  §  7  this 
difference  one  must  take  into  account.  The  presence  of  jacket. 


m 
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apparently,  little  affects  value  F,  in  any  case  at  high  values  e'- 

6.  At  high  frequencies  when  parameter  ka  is  great,  propagation 
constant  of  all  waves  clcse  to  each  other.  In  this  case,  the 
amplitudes  of  the  direct/straignt  parasitic  waves,  which  are  formed 
in  the  bending  of  constant  curvature,  will  be,  accordingly  (7.28b) , 
it  contains  in  denominator  low  value  Ah  A,  —  in  order  to  ensure 

the  sufficiently  low  level  of  losses  to  conversion,  it  Ls  necessary 
to  apply  the  bendings  c£  very  large  length.  It  is  possible,  however, 
to  decrease  the  length  c£  oendiny  with  it  was  proposed  by  Onger  [48] 
and  was  used  in  article  £49],  However,  used  in  these  works 
mathematical  apparatus  net  end/ieads  the  small  fractures;  meanwhile 
precisely  such  bendings  maite  it  possible,  as  it  turned  out,  to  obtain 
the  smallest  losses  at  the  smallest  length.  This  was  shown  by 
Kerzhentseva  in  article  £105];  m  this  point/item  we  presented  the 
fundamental  results  of  this  wor*. 

The  amplitude  of  parasitic  wave  at  the  output  of  the  bending  of 
alternating/variable  curvature  is  given  by  formula  (7.35) .  We  will 
record  it  in  the  form 

L!t 

P/(*>o)  =  f/m  \  e-Mfc-'rf/,  (22.19) 

-W{1) 

after  transferring  the  origin  of  coordinates  into  the  middle  of 
bending. 
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For  selection  r  it)  let  us  examine  first  value 


/  v  W* 

.,P/(0--  =  f  A-e-iAhtdi 


(22.20) 


This  value  has  the  same  analytical  form,  as  the  coefficient  of 
reflection  (17.2)  from  the  section  of  long  line  with  the 
alternating/variable  wave  impedance  of  W  (£) .  The  problem  of  finding 
of  the  optimum  form  of  dependence  r(0  can  be  solved,  utilizing  the 
optimum  forms  of  the  function  ki  (£) .  In  contrast  to  the  -  roblems, 
examined  in  §  17,  for  bending  it  is  expedient  to  utilize 
really/actually  op'  mum  (maximum  Chebyshev)  function  w'ont.  (t).  found  by 
Klopf enshteyn  [95]. 


Page  183. 

Calculation  shows  that  the  curvature  of  bending  must  be  changed 
according  to  the  law 


t _ [  _3UJU!  (fwMI  1  j  -  (Mlx-ji) 

2  L  '  V~~SUL\^ 


v 6 ('  •  v 1  !;(-|  ?)- 


Here  i!  -  modified  Bessel  function,  5  -  delta  function.  Value  o,,,.,  is 
the  parameter  of  bending;  it  determines  the  ccmmunication/connection 
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between  the  product  «=L*An  and  by  value  (22.20).  For  all  values  a, 

i  P,/y0  F/,..i 

greater  than  selected  value  A  will  be  less  j/ch  If, 

for  example  is  selected  as  oeing  equal  to  10.6,  then  value 
(22.20)  will  be  less  than  0.01. 


For  the  bending,  in  waxen  tue  curvature  is  changed  according  to 
(22.21),  the  amplitude  of  parasitic  wave  is  equal  to 


|P/I -!*>!•  V 


Ctl!^ 


'  cos 


n~-~ 


(22.22) 


By  the  special  feature/peculiarity  of  this  bending  is  equality  and 
equidistance  of  all  maximums  |/;,|,  considered  as  function  from  3. 


-~v 

I  N' 


In  Fig.  46  value 


1 


proportional  to  curvature  (22.21), 


r(l)  A* 

is  represented  as  function  l/L  for  two  values  of  parameter 
^uiiir  (Umtii  —7,14, 

f\  flat  curve,  and  10,6.  steep  curve)  .  At  the 

end/leais  of  the  bending,  taere  are  small  fractures,  equal,  according 
to  (22.21),  §j2c\\“—.  The  greatest  curvature  is  reached  in  the  middle 


of  bending  and  is  equal  to 


Ah 


j 

7* 


(22.23) 


Fig.  47  makes  it  possiore  to  compare  the  lengths  of  three 
bendings,  constructed  accordrug  to  different  laws,  but  which  give  the 
identical  maximum  values  of  parameter  (22.20),  i.e.,  identical  losses 
to  conversion. 


j'f***1] 
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Solid  line  gives  \pJ%Fim\  ueper.ding  on  a  for  the  bending, 
constructed  according  to  (22.21),  dash  -  for  the  bending,  proposed  by 
Unger  [48],  in  which  1  ,'r(l)  is  changed  linearly  from  zero  to  the 
greatest  value  in  center,  dot-dasn  -  for  a  bending  with  constant 
curvature.  Than  the  less  permissible  losses  to  conversion,  the  more 
the  advantages  it  has  a  bendiug  with  small  fractures,  constructed 
according  to  (22.21).  So,  for  L.\li-20  |/>,|  it  will  be  in  this  bending 
400  times  less  than  with  the  bending  of  the  same  length  with  linearly 
variable  chamber  \/rU). 


For  the  bending,  constructed  according  tc  (22.21),  the  maximum 
value  of  amplitudes  />,  (30)  will  change  with  frequency  only  due  to  a 
change  in  the  coupling  coefficient  change  Ah,  according  to 
preceding/previous,  it  win  not  affect  the  maximum  losses.  In  this 
case,  the  length  of  benaing  must  be  selec-'  ~.a  according  to  the 
requirement 


> 


(22.24) 


analogous  to  condition  (17.15). 


7.  Another  possible  method  of  overcoming  of  bending  is  partial 
filling  of  cross  section  of  bent  waveguide  vith  dielectric.  This  idea 

and  calculation  of  the  corresponding  equipment/device  for  wave  H01 

are  contained  in  the  article  of  dorgan  [44]. 
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Fig.  46.  Bending  of  alternating/variable  curvature. 
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Fig.  47.  Losses  for  bendings  of  different  forms. 
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Page  185. 


In  this  article  the  field  in  tne  oent  waveguide  with  heterogeneous 

filling  is  represented  in  the  norm  of  the  superposition  of  the  fields 

of  the  waves  of  the  empty  rectilinear  waveguide.  The  presence  of 

heterogeneous  filling  and  one  nenuing  are  two  reasons,  which  cause 

the  coaaunication/connection  of  these  waves.  Ey  the  selection  or 

e  (v. .'/) 

function  a  succeeds  in  ensuring  equality  to  zero  or  the 
considerable  decrease  of  tne  total  coupling  coefficients  of  wave  H0i 
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with  several  waves,  first  or  ail  with  wave  Etl.  In  [44]  they  are 
designed  single-sector  and  three-sector  compensators.  In  the  first  of 
them,  is  utilized  one  dielectric  sector,  situated  from  that  side  ui 

rc  +he-  e'-**s  '4  i  e  n-2.  '<i£  atc-r 

section,  that  ^nearer/!  contains  three  symmetrically  arranged/located 
sectors,  divided  by  sectorial  intecval/gaps;  dielectric  is  also 
arrange/located  when  j;i|  <»/2. 

In  the  designations  of  last/latter  point/itera  of  §  8,  coupling 
coefficient  between  waves  //'")  and  (H"'\  //°"‘),  obliged  to 
heterogeneous  filling,  is  determined  by  general  formula  (8.46);  the 
coupling  coefficient,  caused  by  bending,  is  found  in  (22.2)  and 
(22.4).  For  wave  En,  for  example,  the  sum  of  these  coefficients  will 
be  for  single-sector  compensator  egual  to  zero,  if  its  parameters  s 
and  80  -  the  flare  angle  or  sector  -  will  be  connected  by  the 
relationship/ratio 

(b— -  1)mii?°  1.53  —  .  (22.25) 

2  T 

In  this  problem  the  application/use  of  expansion  in  terms  of  the 
fields  of  waves  in  empty  waveguiae,  used  in  last/latter  point/item  of 
§  8,  leads  to  target/purpose  somewhat  faster  than  expansion  in  terms 
of  the  fields  of  waves  in  regular  waveguide  with  the  sanr;  filling. 
This  is  explained  by  the  ract  that  in  this  case  the  field  in  the 
filled  bent  waveguide  is  close  to  the  field  of  wave  H0i  in  the  empty 
rectilinear  waveguide,  and  precisely  with  such  waveguides  is 
connected  bending.  Wave  Hol  is  its  own  wave  of  rectilinear  part  and 
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it  is  simultaneously  close  to  its  own  flexural  wave;  therefore  it 
overcomes  bending  with  a  small  distortion. 

By  means  of  the  complication  of  the  form  of  dielectric  it  is 
possible  to  decrease  the  comiaunication/connecticn  of  wave  H0l  with 
the  row/series  of  other  waves,  besides  Eu;  however,  with  any 
selection  of  function  *(x>y)  it  -s  not  possible  to  ensure  the  absence 
of  the  communication/connectiou  of  wave  H01  with  all  other  waves  and 
passage  by  it  bending  entirely  without  losses  to  conversion.  The 
compensated  for  bendings,  designed  in  [44],  possess  low  losses;  this 
is  explained  by  the  fact  that  ror  them  it  is  accepted  Jc  — I]<1.  This 
limitation  is  superimpcsea  both  by  the  calculation  method  in  [44]  and 
by  the  need  for  ensuring  low  value  e",  i.e.  small  dielectric  losses. 

Page  186. 

Calculation  this  same  of  eguipment/device  according  to  the 
method  of  §  7  required  first  or  tne  determination  of  its  own  waves  of 
the  filled  rectilinear  waveguide;  they  it  would  be  possible  to  find, 
for  example,  from  the  metuod  or  iast/latter  pcint/item  of  §  8.  When 
(e  —  I)  <<  1  and  upon  consideration  to  communication/connection  H°01  only 
with  B°tl,  their  own  waves  wiii  d<=  two  linear  combinations  of  these 
waves,  close  respectively  to  H°ol  and  E0tl.  The  passage  of  these  its 
own  waves  according  to  bending  is  described  by  the  system  of  two 


DOC  =  79024311 


PAGE 

differential  equations  of  type  (7.9).  End  conditions  are  found  from 

requirement,  so  that  the  neginning  of  bending  these  their  own  waves 

they  would  form  wave  H°0l.  When  (e--l)<l  this  calculation  somewhat 

more  is  bulky,  than  calculation  in  f44];  however  at  finite  values 
e  —  l 

o  it,  probably,  it  will  oe  noticeably  more  simply. 

Let  us  note  finally  taat  tne  impossibility  to  find  this 
distribution  e(.v, //),  so  tnat  the  wave  H01  in  banding  would  not  be 
distorted,  from  a  physical  point  of  view,  it  is  possible,  it  is 
probable,  to  connect  with  the  noted  at  the  end  of  §  4  dependence 
between  the  longitudinal  and  transverse  components  of  fields  in  the 
adjacent  sections  of  the  neat  waveguide.  With  selection  e ( v, ;/)  it 

would  be  possible  to  mare  even  tne  phase  speeds  of  all  points  of  wave 
frcnt  in  cross  section  and  to  ensure  the  rotation  of  front  without 
distortions;  however,  will  completely  appear  the  supplementary 
components,  caused  by  tms  dependence,  and  therefore  unavoidably  will 
arise  the  waves  of  other  uuaoers.  With  an  increase  in  the  frequency, 
longitudinal  components  become  relatively  less  essential,  and  losses 
to  conversion  in  bending  with  heterogeneous  filling  can  be  made 


small  ones. 
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Page  187. 

Chapter  VI. 

IRREGULAR  ACOUSTIC  WAVEGUIDES. 

The  method  of  cross  sections,  developed  above  for 
radiowaveguides,  can  be  used  also  during  the  investigation  of  the 
propagation  of  waves  in  irregular  acoustic  waveguides.  In  acoustics 
this  method  also  reduces  to  the  infinite  system  of  ordinary 
differential  equations  for  wave  amplitudes. 

For  the  first  time  for  investigation  of  one  type  of  waveguides  - 
precisely  tapered  welds  with  rigid  walls  -  the  version  of  the  method 
of  cross  sections  was  proposed  oy  Stevenson  [106].  In  [106]  for  wave 
amplitudes  was  obtained  tue  system  of  the  differential  second  order 
equations;  expressions  tor  coefricients  in  this  system  are  very 
complex,  and  this  apparatus,  apparently,  was  net  used  for  the 
calculation  of  specific  cases. 


Below  problem  is  reduced  as  in  electrodynamics. 


to  the  system  of 
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differential  first-order  equations.  In  this  chapter  are  given  the 
formulas  for  the  coefficients  of  tuese  equations,  so-called  coupling 
coefficients  F,m  and  S,m,  for  different  types  of  irregularities.  In  it 
is  not  examined  the  computation  ;*/m  and  S,m  for  specific  problems, 
the  solution  of  system  of  equations  for  waveguides  with  the  slowly 
changing  parameters,  the  investigation  of  the  special  cases,  the 
physical  analysis  of  results,  i.e.,  all  that  which  composes  the  large 
part  of  the  material  of  tne  precedmq/previous  chapters.  For  acoustic 
waveguides  all  this  is  conducted  in  much  the  same  manner  as  for 
radiowaveguides.  This  chapter  bears  somewhat  more  formal  and  more 
concise  character,  than  preceding/ previous. 


Page  188. 


§23.  Regular  acoustic  waveguides. 


Acoustic  field  is  described  d y  sound  pressure  P  and  with  a 
vibrational  speed  of  V.  With  time/tempor ary  dependence  e,<4<  the 
fundamental  equations  ct  acoustics  take  the  form 


div  V  -P; 


grad  P  —  hop  V , 


(23.1a) 

(23.1b) 


where  p  -  density  of  medium  and  c  -  the  speed  of  propagation  of  sound 
in  it.  In  common/general/total  case  these  values  depend  on 
coordinates,  p=p(x, y ,z)  and  c=c(x,y,z).  On  the  boundary  of  waveguide. 
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is  fulfilled  one  of  the  two  boundary  conditions: 


P  -0 


(23.2a) 


Vx  -  0. 


(23.2b) 


where  N  -  a  direction  of  standard.  Condition  (23.2a)  corresponds  to 
soft  wall,  condition  (2i.2b)  -  rigid. 


m,  ? 

R3&V*1’  4 


Regular  waveguides  are  called  the  media  in  which  p  and  c  do  not 
depend  on  z  and  boundary  conditions  (23.2)  are  fulfilled  on  certain 
cylindrical  surface,  parallel  to  2~axis  and  by  that  intersecting 
plane  z=const  according  to  the  closed  curve.  We  will  examine  the 
regular  waveguides  of  general  view,  in  which  p  and  c  depend 
arbitrarily  on  x  and  y. 


1.  Let  us  give  necessary  ror  rurther  relationship/ratio  between 
different  values  in  acoustic  waveguides.  Let  us  begin  with  the  case 
when  density  p  is  everywhere  constant.  In  this  case,  it  is  convenient 
to  use  the  potential  Mr,  ,  determined  by  the  formula 


V  -  -grad'F. 


It  satisfies  the  wave  equation 


<p>r  ,  <p<t‘  ,  u;,i 
dx*  \  dtf-  0Z1 


(23.3) 


jc'-'F  —  0, 


(23.4) 
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where  x— to/c  —  wave  number.  Boundary  conditicns  for  «jr  take  the 
form 


‘lr  =,  0 


(23.5a) 


ff ..  0. 

dH 


(23.5b) 


Let  us  recall  that  in  the  radxowaveguides  of  field  in  a  number 
of  cases  also  they  can  be  expressed  through  the  scalar  functions, 
which  satisfy  wave  equation  (23.4) ;  in  symmetrical  relative  to  axis 
waveguides  it  is  sufficient  even  oue  function.  However,  conditions 
(3.2)  for  electromagnetic  field  on  the  boundary  of  irregular 
waveguides  lead  for  these  functions  to  the  boundary  conditions, 
different  from  (23.5). 


Page  189, 


For  example,  in  the  simplest  proolem  of  symmetrical  r'gnetic  waves  in 
symmetrical  tapered  weld  noundary  condition  for  potential  function 
exists  (J*I7()//  0,  where  n  (normal  to  the  duct/contour  of  section)  does 

not  coincide  with  N  in  (23. 5d)  .  Inis  difference  under  the  boundary 
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conditions  leads  to  the  fact  that  for  coupling  coefficients  in 
radio  wavegui  des  and  in  acoustic  Haveguides  are  obtained  different 
formulas,  even  if  these  coefficients  are  expressed  as  the  same 
potential  functions. 

In  tne  regular  waveguides  of  comparison,  we  will  replace  as  into 
§8,  Z-axis  by  axis  5.  Save  number  •/.'*  does  not  depend  on  £,  and  the 
solutions  of  wave  equation  are  the  functions 

y.  1)  -  »| '"  (v.  i/)e  ,h^  .  m  --  1,2...  (23.6) 

Here  1"‘  they  satisfy  the  equation 

V-'»i 4-  (•/•-  —  -  0.  133-7) 

Boundary  conditions  (23.5)  isolate  the  cocplete  system  of 
eigenfunctions  i|-”*  and  cf  propagation  constants  hm.  As  is  Xnown, 
function  those  corresponding  to  different  indices,  they  are 

orthogonal  between  themselves: 

•  ( O 

\  0  ftpii  j  - k  in  (j  ;  0,  in  's  0).  (23.8) 

Key:  (1).  with. 

We  accept  for  them  the  standardization 

-  1,  (23.9' 

different  from  the  standardization  of  me mbrane/diaphragm  functions 
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for  radiowaveguides.  Difference  tms  is  caused  by  existence  in 
acoustic  waveguides  with  tba  rigid  walls  of  the  solution  4'-- const, 
which  corresponds  to  the  fundamental  wave,  for  which  standardization 
(3.16)  is  impossible. 

Let  us  introduce,  furtner  eigenfunctions  and  wave  numbers  with 
negative  indices,  after  defining  tnem  as  into  §3,  by  the  condition 

if  ,  -  V";  (23.10a) 

-  hm.  (23. 101 ) 

For  tha  indices,  which  have  different  signs,  condition  of 
orthogonality  in  the  form  (23. 8)  will  not  be  correct.  The 
common/genera 1/total  recording  of  the  conditions  of  orthogonality, 
which  includes  (23.8)  ana  (23.9),  which  we  will  use  subsequently,  has 
the  form 

\n  'r"u  >  —  h/.-  .,i-  (23.11) 

Page  190. 

2.  If  density  of  medium,  wmch  fills  waveguides,  is  not 
constant,  then  potential  satisfies  more  complex  equation,  than 
(23.4).  In  this  case  more  conveniently  to  operate  directly  with 
values  P  and  V,  similar  to  tnat  as  in  radiowaveguides  with 
heterogeneous  filling  is  expedient  to  produce  all  computations  in  the 
components  of  fields  E  and  H,  but  not  in  membrane/diaphragm 


3^ 

functions.  This  calculation  was  produced  in  V.  V.  Shevchenko's 
article  [107];  all  results  of  this  chapter,  obtained  not  from  wave 
equation  (23.4),  but  it  is  direct  of  the  first-order  equation  (23.1), 
uere  borrowed  fro®  this  article. 

In  the  regular  waveguides  in  which  p=p(x,y),  c=c(x,y),  the 
solutions  of  the  system  (*3-0  ^ 

;)  ■  )>'"  (.V,  y)  c 

v“tx>y-t)  ••  »"‘(v.  (/*)’  (23.12) 

^’erc  I)"'  „  „  «»  „  <n  _  .  „  , 

-e^a^e/yi,  ^  a.ic^r^/n.e.  (33/) 

'-*■3.1  <x.  c-f 


-  -  | - V 

«;/  *  (jc;  k 


(23  13a) 

iaK>v"v'-,  h:n\>m  -  Wfo?  (23. 13b) 
and  to  boundary  conditions  which  correspond  (23.2a)  or  (23.2b). 


3:";  - __  <v" 

t)jr  ’  '  ‘  On 


System  this  will  be  invariant  relative  to  the  sign  of  index,  if 
we  assume  together  with  (23. 10b) 

rm  =  -  r;  =  -  iC;  v~m  =  -  v;\  vjm  =  (23. 14) 

If  p=const,  then  always  it  is  possible  to  assume  p=1,  and  then 
V"1, «"  they  are  connected  witn  eigenfunctions  t|>m  by  the 
relationship/rat ios 

p"*  -  i«$m;  v?  =  —  d$m/d.v;  i£  --  —  dtym/dy\  v?  =  (23.15) 

Eigenfunctions  p">tVm  are  orthogonal  between  themselves.  For 
obtaining  the  condition  of  orthogonality,  we  fora  value 


div  (Pmp-/  —  p-/ V”1), 


(23.16) 
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where  I,m,  Vm  and  P"',  V'i —  fields  of  two  waves  (23.12),  of  numbers 
and  -  j. 

Page  191. 

According  to  (23.1),  value  (23. 1b)  it  is  equal  to  zero.  Let  us 
integrate  it  with  respect  to  cross  section.  Integral  of 

—  (P mV'i  -  P-'V'?)  +  -  (P"‘V » —  P-iV*)  (23. 17) 

dx  dij  y  y 

can  be  converted  according  to  the  theorem  of  Gauss  into  integral  on 
the  duct/contour  of  section;  it  is  equal  to  zero  as  a  result  of 
boundary  conditions  (23.2a)  or  (23.2b).  Third  term/component/addend 
in  integral  of  (23.16),  that  contains  derivative  on  5,  after 
reduction  on  eM|V»/K  will  tawe  the  form 

—  /  (h,„  —  n,)  ^  '  -  p_,t'2‘)  JS.  (23. 18) 

Thus,  with  jfm  the  integral,  whicn  stands  in  (23.18),  is  equal  to 
zero. 

Let  us  accept  for  eigenfunctions  (p"1.  vm)  such  standardisation 
which  with  p=1,  when  it  is  correct  (23.15),  passes  in  (23.11).  Then 
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the  condition  of  orthogonality  and  standardization  are  recorded  in 
the  form 

$  (V^  ; .  P't»-n)  dS  -  -  2  .  (23. 19) 

§24.  Bent  acoustic  waveguides. 

1.  We  will  begin  from  definition  of  coupling  coefficient  Fjm 

between  two  waves  in  bent  waveguide  with  method  of  small 

heterogeneities,  by  examining  as  into  §4,  fracture  of  waveguide  of 

constant  section  to  small  angie  ad.  On  fracture  falls  to  the  left  the 

wave  of  number  m  from  single  amplitude,  i.e.,  wave  with  potential 

y*e-ihmi ;  potential  in  right  wave  taxes  the  fort 

*lr  -  y/y  :e-'V,  (24.1) 

n>  o 

and  it  is  necessary  to  rind  amplitudes  Pn.  let  us  connect  between 
themselves  the  values  of  potential  and  its  derivative  in  sections  kk 
and  BB  (Fig.  2) 

MM  -  Mr  -i  /  —  AO  !  ;  (24.2) 

;  ub  dz 

SI  _S  +  ,i2.-A«-S4«|  . 

dz  'uh  dz  dz-  dr  J.4A 

Last/latter  ter m/compouenr/addend  tbs  secondly  of  these  formulas 
corresponds  to  the  rotation  of  Z-axis  upon  transfer  from  one  section 
to  adjacent,  remaining  term/coaponent/addends  are  the  first  two 
members  of  Taylor  series. 
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•V  1  &A  of  value  Hf  and  dxVfdz  contain  together  with 
addend,  unat  corresponds  to  the  inciden'"  wave,  also 
term/component/addends ,  which  correspond  to  all  reverse/inverse 
(reflected)  waves.  In  order  to  exclude  the  unknown  amplitudes  of 
these  backward  waves,  we  will  usa  ooth  by  expressions  (24.2).  Let  us 
compose  value 

*1 (24.3) 

Oz 

It,  obviously,  does  not  contain  the  field  of  backward  wave  of  lumber 
but  the  field  of  direct  wave  of  number  j  enters  into  it  with 
amplitude  —2 ih,Pt.  Multiplying  (24. J)  on  ’i ;  and  integrating  by  cross 
section,  we  as  a  result  o i  the  condition  of  orthogonality  will 
exclude  term/component/addends,  waicb  relate  to  the  waves  of  all 
other  numbers.  Thus,  dsteruiuing  Pt  according  to  the  formula 

<24-4> 

analogous  to  (4.3),  where  t ne  integral  is  taken  according  to  section 
"B,  and  expressing  potential  and  ?  ts  derivative  on  (24.2),  we  can 
into  tirst  terms  in  (24 .2)  suustitute  not  entire  potential,  but  only 
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potential  of  the  incident  wave.  Since  all  the  computation  is 
conducted  with  an  accuracy  down  to  the  terms  first-order  in  AS,  then 
in  term/component/addends  {24.2} ,  that  contain  factor  AS,  also  it  is 
possible  to  substitute  VP  $me~,hm’ .  Thus,  /*,(/> 0)  is  located  through 
for  lla  (24.4),  in  which  it  is  necessary  to  assume 

M'  -  {1  —  j7i„,rA0)  «}•"'; 


(24.5) 


~  -  (-  ihm  -  r/i;„A0)  .)•"*  -  AO  ?•£- 
&  dr 


For  P,  will  be  obtained  the  expression 

P,  ■-=  4-  F/mA 0.  (24.0) 

Values  F,,,,  are,  as  shown  luto  §4,  the  unknown  coupling 
coefficients.  They  are  eguai  to 


F,m  - 


2h, 


/‘m  (/lm  1  ft,)  j  -I-  j  ^  j  .  (24.7) 


In  a  similar  manner  it  would  he  possible  to  find  the  amplitudes 
of  backward  waves,  i.e.,  value  P,  with  g<0,  and  to  be  convinced  of 
the  fact  that  formula  (24.7)  was  valid  with  any  sign  of  indices  j  and 
m. 
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2.  Let  us  examine  now  waveguide  bend  according  to  circular  arc 
and  will  install  system  cf  differential  equations  for  P>  those 
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considered  as  functions  of  angle  *,  and  expression  for  coefficients 
in  this  system,  using  formalism  of  method  of  cross  sections.  He  will 
in  this  case  proceed  frcm  wave  equation  for  .  M'  (23.4). 

1  AT 

Let  us  expand  for  this  ■  and  in  row/series  according 

to  functions  'I''"' 

'V  =  (24.8) 

a  -u  '  di>  n  o 

The  isolation/liberation  of  factor  —ihn  in  the  coefficients  of  the 

second  from  :hese  expansions,  it  goes  without  saying,  is  arbitrary. 

Rn  (0) 

Let  us  introduce  instead  Q,:(0)  and  new  coefficients,  {>„  (0)  and  P...„ 
after  defining  them  just  as  rn  (7.2)  : 

P„-  P  „  Qn\  K  -  R  -it  --  R„.  (24.9) 

Taking  into  account  condition  (23.10),  it  is  possible  now  (24.8)  to 
record  in  the  form 

Mr  (24.10a),  —  UkPA\  (24.101)) 

r  <)(! 

where  is  implied  summation  over  %•  from  v  -  —  ■  .10  v  ro. 

Values  /'„((>)—  amplitude  of  direct/straight  and  backward 
waves.  On  transition  between  two  sections  of  different  curvature,  in 
particular  at  the  end  of  tne  oending,  during  its  coupling  with 
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rectilinear  ones:  by  waveguides,  potential  :ps  and  its  normal  M' 

1  ar 

derivative  —  must  be  continuous.  According  to  the  condition  of 

r  di)  * 

orthogonality  for  functions  hence  follows  also  the  continuity  of 

amplitudes  Pn  (»*>>-  End  conditions  for  Pn  (0)  at  the  end/leads  of  the 

curved  section  coincide  with  (7.10). 

In  order  to  find  system  or  equations  for  P„  (0),  let  us 
substitute  (24.10a)  in  (24.10b),  and  (24.10)  -  into  wave  equation 
(23.4),  recorded  in  cylindrical  coordinate  systew.  Utilizing  even 
more  differential  equation  (23.7)  for  eigenfunctions  ;|V  we  will 
obtain  two  expansions: 

dJ±  v|)V  -  ihvP,.rr;  ^-M'v  «  -  iP,  I hirr  +  .  (24. 1 1) 

.  d0  \  dr  ] 

Let  us  multiply  bcth  of  expansions  on  p  and  will  integrate 
over  cross  section.  According  to  (23.10)  and  (23.11),  the  first  of 
them  will  give  in  this  case  tne  expression  f or —  P-i), the  second  - 
for  ±<P, 

Page  194. 

From  these  two  expressions  we  will  obtain  the  unknown  system  of  the 
differential  equations 
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where  the  expression  for  coincides  with  (24.7) 


3.  Formula  (24.7)  can  oe  somewhat  simplified,  after  excluding 
from  it  first  integral  and  after  reading  it  tc  symmetrical  form, 
similar  formula  (4.7)  was  converted  to  form  (7.16). 


Let  us  show  first  that  in  acoustic  waveguides  the  coupling 
coefficients  F,ni  also  satisfy  conditionally  reciprocity  (7.14). 


For  two  any  solutions  of  wave  equation  (23.4)  'F11*,  'in-),  it  is 
obvious,  is  correct  the  identity 

div  (»F<  J>  grad  -  »!'<■>  grad  4'<2>) 0.  #24. 13) 


Let  us  integrate  it  with  respect  to  the  region,  included  between  the 
lateral  surface  of  the  curved  waveguide  and  two  ' ross  sections 
d=const,  and  we  convert  integral  on  the  formula  of  Gauss.  According 
to  (23.5),  the  vector  flu,<,  wmch  stands  in  (24.13)  in  brackets, 
through  the  lateral  surface  of  waveguide  is  equal  to  zero,  and 
therefore  the  integral 

,  dTC)  . , 


M  rdO  rda  }  ’ 


<24.14) 


undertaken  according  to  the  section  of  waveguide,  it  does  not  depend 
on  The  substitution  of  expansions  (24.10)  gives  for  this  integral 
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of  expression  2;hxp'"p‘i\ .  Derivative  this  sura  on  d  is  equal, 
according  to  (24*12) , 

2iP^P%  (hvFVfl  -|-  //wF_p._v)  (24. 15) 

♦ 


(is  implied  summation  over  n  and  v).  Value  (24.15)  is  equal 
identical  to  zero;  therefore  for  any  indices  is  equal  to  zero  sum, 
which  stands  in  brackets.  Since,  according  to  (24.7),  during  sign 
change  of  both  of  indices  ^/«  also  reverse  the  sign,  equality  zero 
(24.15)  mean  that  is  correct  the  condition  of  reciprocity  (7.14). 
Substituting  under  this  condition  expression  (24.7),  we  will  obtain 
(with  jf+-ra) 


S' *'*y  - <»-■*>. 


Page  195. 


Let  us  note  that  this  identity  could  be  obtained  directly, 

utilizing  only  equations  (23.7)  ana  boundary  conditions  (23.5).  For 

this,  one  ought  not  to  have  integrated  over  cross  section  function 
V  U  (A'1  \  --  V  14'  ')1- 

According  to  (23.5),  the  integral  of  this  function  is 
equal  to  zero;  on  the  ether  nana,  it  is  easy  to  show,  transforaing  it 
and  utilizing  (23.7),  that  it  is  equal  to  {hlm  —  h))r^'ypm ^  d^mjdr  —  dq'/dr. 
Hence  again  is  obtained  identity  (24.16). 


Replacing  the  first  integral  m  (24.7),  according  to  (24.16) 
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obtain  the  expressio  for  a  coupling  coefficient  in  the  symmetrical 
form: 

'>•  ”  k  xh  •  M  ♦“  % JS « ■  d£ JS)  ■  <*<•  ,7> 

Here  derivatives  on  r  are  replaced  by  derivatives  on  a,  d/dr=-d/d  x . 

as  is  shown  comparison  with  (24.7)  ,  this  formula  is  valid  also 
with  j=-m.  It  is  inapplicaole  only  with  j=m.  Coefficient  Fn-  contains 
value  r  in  an  explicit  form.  Hadius  of  curvature  r/  for  the  wave  of 
number  j,  introduced  into  g7  as  radius  of  a  circle  along  which  the 
phase  rate  of  this  wave  coincides  with  the  phase  rate  in 
direct/straight  waveguide,  is  eguai  to  iF nihh  (and,  according  to 
(24.7),  we  obtain  for  this  va1 ue  the  expression 

r,~\r <q ')2 dS  -  —  J ^ dS.  (24. 18) 

For  a  waveguide  with  soft  walls,  i.e.,  under  boundary  condition 
(23.5a) ,  there  is  the  identity 

JV“£«iS-r  =0,  (24.19) 

♦ 

analogous  (7.19).  in  this  case  second  term  in  (24.18)  is  absent,  and 
formula  (24.17)  takes  the  simple  form: 

==  4  ~T~T  \  *m  dS~  <24'20) 

-"/  in  1  j  .1  f).V 

In  this  case,  F,.  -  0  for  any  form  of  section. 
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Formulas  for  l,m  for  acoustic  waveguides  (24.17)  and  (24.20)  are 
analogous  to  formulas  (7.20)  and  (7.21)  for  radio  waveguides  but,  as 
already  mentioned,  they  do  not  coincide  with  them.  In  both  problems 
/>,  it  contains  the  same  integrals;  however,  these  integrals  enter 
with  different  coefficients. 

Page  196. 

§25.  Acoustic  waveguides  witn  alternating/variable  filling. 

1.  Let  us  begin  from  case  or  medium  of  constant  density,  when 
field  is  described  by  equation  (2J.4)  ,  in  which  x  x.  (x,y,z). 

In  the  waveguides  cf  comparison,  the  wave  number  *  does  not 
depend  on  <;  and  with  all  £  is  tne  same  function  from  x, y,  as  in 
irregular  waveguide  with  fixed/recorded  z.  Eigenfunctions  «j "•  and 
wave  numbers  hm  the  waveguraes  of  comparison  depend  on  z. 

Let  us  decompose  llr  and  d'l'  >k  in  an  irregular  waveguide  in 
row/series  on  «|'1  type  (24.8)  let  us  introduce  variables  by 

conditions  (24.9).  Then  we  ootain  the  expansions 

‘I’ 


(25.  la) 
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Coefficients  /M-)  are  amplitudes  of  waves  of  both  of  directions  and  on 
the  boundary  of  irregular  section  satisfy  t;nd  conditions  (8.7). 


With  support/socket  (25.1a)  in  (25.1b)  and  (25.1)  -  into 
equation  (23.4)  are  obtained  two  expansions: 

(P\-  ih\l\) *i 1  --/Vi 


(!\-  :  ihj\)\ V  hJW  M\<;  v 


(25.2) 


Equation  (23.7)  for  .  priae  here  used  indicates  derivative  on  z. 


Multiplying  (25.2)  on  tj/,  integrating  by  cross  section  and 
utilizing  a  condition  cf  orthogonality  (23.11),  we  will  obtain  the 
system  of  differential  equations  for  amplitudes  l\  (c): 


J.  n,  i> 


<V\  s\j\. 


(25.3) 


Coupling  coefficients  are  equal  to: 


.iiiisi',,* 


ll|H!  / 


-K:  dz 


1  dKi 

\ Hi ..  (/j 


(25.1a) 


(25.1b) 


(25.4c) 
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Key:  (1)  .  when . 
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Relationship/ratio  (25.4b)  coincides  with  (8.9),  as  we  see 
below,  it  is  correct  in  the  more  general  case. 

Formula  (25.4c)  in  appendices  to  problem  with  a  small  change  in 
the  rate  of  medium  means  tuat  tne  coefficient  of  reflection  of  any 
wave  is  proportional  to  a  change  in  its  propagation  constant.  As  we 
will  see  below,  in  the  general  case  when  changes  also  density,  there 
is  not  no  this  single  bend  between  5..,,,,,,  and  hm. 

He  convert  formula  (25.4a)  in  such  a  way  that  the  coupling 
coefficients  would  contain  clear'/  derived  on  z  only  that  of  wave 
number  *■,  and  not  of  eigenfunctions.  Let  us  differentiate  for  this 
equation  (23.7)  for  z: 


v  V'  }■  -  hi)  '|  "*  -|  (*•-  -  ft* )  «  0. 


(25.5) 


Let  us  multiply  this  equation  by  ij /.  and  equation  (23.7)  ,  written  for 
m=j,  will  multiply  on  -  ir:\  we  will  add  and  integrate  over  cross 


section.  Utilizing  even  ooundary  conditions  (23.5), 


we  will  obtain 
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/  -A-  H  /// 

Hhen  the  factor  when  It',.,  in  (25.6)  is  equal  to  zero,  and  that 
participating  in  (25.4a)  integral  is  expressed  as  the  integral  of 
derived  wave  number  v-  Substituting  in  (25.4a),  we  obtain 


c.  - _ J...  _  fj=U 


=1  hi). 


(25.7) 


Comparison  with  the  following  formula  shows  that  (25.7)  it  is  correct 
with  j=-m. 


Expression  for  a  derivative  of  the  constant  of  propagation 
through  the  derivative  of  wave  numoer  hm  is  obtained  from  (25.6),  if 
we  in  this  formula  assume  j=+-1a.  So  we  find 


dir  4  0A 

-----  —(VfdS. 

dz  ,  oz 


(25.8) 


Two  last/latter  formulas  are  analogous  tc  formulas  (8.16)  and 
(8.17),  that  express  coupling  coefficients  and  derivatives  of 
constants  expressing  coupling  coefficients  -»nd  derivatives  of 
propagation  constants  in  radiowaveguides  with  the 

alter nating/variable  filling  through  derived  in  z  of  electrical  and 
magnetic  permeability  media. 


Page  198. 
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Formulas  (25.7)  ,  (25.8)  can  oe  still  converted  for  that  case 


when  medium  consists  of  two  mediums  with  the  different  values  of  the 


speed  of  sound,  between  whica  there  is  a  sharp  interface,  so  that 


yr  is  the  piecewise  constant  function  of  coordinates.  Repeating  the 


corresponding  considerations  58,  we  will  obtain  that  in  this  case 


derived  O/r'o:  differs  from  zero  only  in  infinitely  thin  layer 


adjoining  the  interface,  ana  in  this  layer 


th.' 

'  57* 


(25.9) 


where  v—  tangent  of  the  angle  which  forms  with  Z-axis  the  tangent 


to  interface,  perpendicular  to  intersection  of  interface  with  plane 


z=const,  and  n  -  a  normal  to  interface  in  the  waveguide  of 


comparison,  directed  tc  side  \v?  m  this  waveguide.  Substituting 


(25.9)  in  (25.7)  and  (25.8),  it  is  possible  in  these  formulas  to 


produce  integration  along  direction  n  for  transition  layer;  in  this 


case,  of  the  boundary  conditions,  follows  that  in  layer  necessary  to 


consider  it  tf"1  as  constant,  in  tais  way  for  A»«  and  hm  are  obtained 


th-  expressions,  which  contain  the  contour  integral,  undertaken  along 


the  line,  on  which  the  interface  of  two  media  intersects  with  plane 


z=  const. 


S,m  -  \  '  *  \"w ■  A  («=>«*<  (/  l-  »*);  (2a  10a) 


---  __  j  v  i«(  "•)-  A(z*).N. 


(25. 10b) 


I 
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In  these  formulas  A(yr>—  difference  in  the  value  of  wave 
numbers  in  both  adjacent  media.  Formula  (25.10a>  is  analogous  to 
formula  (8  22)  for  radio  waveguides. 

2.  Me  will  generalize  tne  results  of  this  paragraph  for 
waveguides,  in  which  both  speed  of  sound  and  density  of  medium  are 
alternating/variable  value.  Let  us  be  in  this  case  it  proceeds  from 
first-order  equations  (23.1)  for  pressure  P  and  rate  V. 

Let  us  decompose  P  and  Ys  in  row/series  on  jy  and  v{  type 
(24.8)  let  us  pass  to  variables  P,  v-)  Tne  expansions 


!•  =  /*-pv. 

*l\i? 


(25. 1  la) 
(25. 1  lb) 


let  us  substitute  into  equation  (23.1b)  for  components  vx  and  vt. 
Keeping  in  mind  first  two  of  equations  (23.1b),  we  will  obtain  for 
these  components  the  same  expansions: 

\\  f\v.Yy-ryl.  12) 
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In  order  to  install  the  system  of  differential  equations  for 
f»,  we  will  substitute  (25.11)  into  equation  (23.1b)  for  1'.-  and 
(25.11),  (25.12)  -  in  (23.1a).  Utilizing  the  also  last/latter  from 
relationship/ratios  (23.13d)  a  elaHonship/tatio  (23.13a),  we  will 
obtain  two  expansions: 

(Pv  4-  /MV  *>v  -  —  p' '/%,;• 

(P'v  -!  •  »M\)  t?  -  -  it  ’l\:  '25.  J  3) 

Multiplying  these  sums  on  a'.  and  p,  store/aading  up,  integrating  by 
the  transverse  cross  section  and  utilizing  a  condition  of 
orthogonality  (23.19),  we  will  ootain  t tie  unknown  system  of  equations 
for  P,  U)-- 

P\  r  ih,P,  -  -VV.  (25. 14) 

S,m  ’  ’  'p"-V.  -t  •  p')</S.  (25. 15) 

From  the  comparison  of  formula  (25.15),  written  for  j=-m,  with 
the  formula,  which  is  obtained  during  differentiation  with  respect  to 
z  of  the  condition  for  standardization  (23.19),  it  follows  that  and 
in  this  most  general  case  is  fulfilled  equality  (25.4b) .  Let  us 
recall  that  this  equality  is  tne  condition  of  the  fact  that  upon 

pn.  (.  i. 

transfer  from  variables  Pm  (.;  to  oy  alternating/variable  specified 
condition  (8.29),  in  the  system  of  differential  equations  for  these 
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new  variables  are  absent  tne  diagonal  terms.  It  has  simple  energy 
value. 


The  conversion  of  expression  (25.15)  to  the  form,  which  contains 
arbitrary  ones  on  z  only  from  the  parameters  of  medium,  is  conducted 
by  the  same  diagram  which  was  used  in  point/item  3  of  §8.  Let  us 
differentiate  on  z  of  equations  (23.1),  written  for  the  wave  of 
number  m: 

div  V"'  ----  -  &1"»'  -  | Vj’"*;  (25. 16) 

pc1  \pc-.l 

grad  P"1'  —  —  i<apVm'  —  (/o>p)'  V"‘. 

Here,  for  example  P"1'  is  obtained  during  differentiation  with  respect 
to  z  of  formula  (23.12a),  in  which  on  z  they  depend  p"‘  (x,y)  and 

hm  (sr  8.14). 

He  form,  further,  value 


div  { P"*'  V~i  —  }.  (25. 17a) 

According  to  (23.1)  and  (25.16),  it  is  equal  to 
(' —V  •  P  «!>/  —  (/tup)'  V"‘  V~i.  (25. 1 7b) 
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Let  us  integrate  (25.17)  with  respect  to  the  transverse  cross 
section  of  waveguide.  Integral  cf  term/compcnent/addends,  which 
contain  two-dimensional  (in  the  variables  x,  y)  divergence,  drops  out 
after  conversion  on  the  fc  ;mula  of  Gauss  and  substitution  of  boundary 
values  (23.2).  After  substitution  (23.12)  and  reduction,  for  the 
exponential  factor  e ' _/,<^  we  will  obtain 

(h,n  -  /!,)\|(p”'-  ■  !-  V  •  v?')JS  •  2u)/i„,  ■  fim;  « 

*  <0  \  [  (  “T  f  ‘  P"‘P'  0  *'  j(/S.  (25.18) 

In  this  way  we  obtain  tne  unknown  expressions  for  the  coupling 
coefficient 


-^1  Vlm 


- [  f  (  — -  Yym|>'  -r  v"‘  v  1  dS  (/  ^  /■•>)  (25. 19) 

—  LVK-  '  J 


and  of  derivative  of  the  wave  number 


hln  -  f  [  j  ~ v  (P">)2  -J-  P'V”V  )dS.  (25.20) 

J  !.  \pc-  j  J 


With  p=1  two  last/latter  formulas  coincide  in  accordance  with 
(25.7)  and  (25.8).  These  formulas,  probably,  can  be  placed  as  the 
basis  of  the  theory  of  long  natural  waveguides. 


Comparing  (25.19)  with  (25.20),  we  find  the  common 
relationship/ratio  between  the  coupling  coefficient  of  straight  line 
and  of  backward  wave  of  one  and  the  same  number  and  a  change  in  the 
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propagation  constant: 

S-mm  - -ir  -  —  •  f  P'  (252I> 

2  lrm  J 

Simpler  formula  (25.4c)  is  valid  only  in  waveguides  with 
constant  density. 


Let  us  use  finally  formulas  (25.19)  and  (25.20)  to  the  problem 
of  the  medium,  in  which  there  are  two  regions  with  the  different 
values  of  the  parameters,  netween  which  there  is  a  sharp  interface, 
so  that  pc2  and  p  they  are  the  piecewise  constant  functions  of 
coordinates.  In  thin  layer  about  tue  interface  in  which  derived  on  z 
in  (25.19)  and  (25.20)  they  are  different  from  zero,  they  are 
replaced  on  formulas  of  type  (25.9)  by  derivatives  on  n.  Prom  the 
continuity  condition  of  pressure  and  normal  component  of  rate,  it 
follows  that  the  change  \>m  and  v‘>  in  layer  can  be  described,  using 
the  designations  of  formula  (8.21)  and  assuming  that  in  one  of  the 
media  p=1,  by  the  relationship/ratios 


r  («)  -r\  t-n»  ---  *  v?(„)  :  v7/P  («); 

V?  (n) v?/p  (n). 


(25.22) 
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Integrating  along  direction  n  in  formulas  (25.19)  and  (25.20), 


we  will  obtain  respectively  for  coupling  coefficients  (with  j=m) 
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'  5^v  * ' t rP'A  - ** 4 (7 


-t£V«A(r')]‘ 


(25.  23) 


and  for  a  derivative  of  the  wave  nuaber 


/&  =  &  v  f  (p"')-'A  j  -1; )  -  i(i>7)2  -  (v'm  A  ( -- )  -  (t’rt)*A (w  ;  J>. 

.1  l  V  ;ic-  1  \  p  i  y 

(25. 24) 


§26.  Acoustic  tapered  velds. 


1.  Determination  of  coupling  coefficients  for  tapered  welds  we 
will  begin  from  auxiliary  problem  of  scattering  during  small  step 
during  coupling  of  two  °emi-xnf inite  waveguides  with  close  sections. 


The  value  of  step  5( 


efined  as  into  §6,  is  considered  small  in 


comparison  with  all  linear  dimensions  of  problem.  On  step  falls  to 
the  left  the  wave  of  nuaber  a(a>0)  from  single  amplitude;  let  us 
search  for  amplitude  P.  of  the  transmitted  into  right  waveguide  wave 
cf  number  j(j>0). 


Let  us  continue  the  surface  of  right  waveguide  into  region  z<0 


and  will  consider  this  surface  as  undisturbed,  but  true  surface  of 
both  of  waveguides  -  as  deformed.  On  the  deformed  surface  are  valid 
simple  boundary  conditions  (23.5a)  or  (23.5b).  Let  us  replace  strain 
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is  equivalent  to  the  boundary  condition  which  must  be  fulfilled  on 
the  close  undeformed  surface.  After  being  steady  this  boundary 
condition,  it  will  be  possible  to  search  for  the  solution  of  wave 
equation  in  the  region,  limited  ny  the  simple  undeformed  surface. 

Equivalent  boundary  condition  near  the  surface  on  which 
correctly  boundary  condition  (23.5a) ,  is  given  by  M.  A.  Isakcvich 
[108].  It  is  the  simple  consequence  of  the  resolution  of  Taylor  and 
takes  the  form 

*2-3  I) 

Page  202. 

Here  /—  distance  between  the  deformed  and  undeformed  surfaces, 
standard  H  is  directed  to  wall,  and  />0,  if  transition  from  the 
deformed  surface  to  that  not  deformed  occurs  in  direction  N  {Fig.  5) . 


If  on  true  (deformed)  surface  is  satisfied  boundary  condition 
(23.5b) ,  then  equivalent  boundary  condition  for  the  function,  which 
satisfies  wave  equation  (23.4),  has  the  form 


(26.2) 


This  condition  it  is  easy  to  obtain,  integrating  (23.4)  by  the  low 
region,  situated  between  to  both  surfaces,  transforming  integral  of 
divergence  on  the  formula  of  Gauss  and  utilizing  (23.5b)  and 
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smallness  l-  This  condition  can  oe  recorded  in  another  form,  valid 
also  for  the  functions,  which  do  not  satisfy  wave  equation,  but  this 
form  contains  the  second  derivative  along  the  normal,  which  proves  to 
be  inconvenient  in  further  calculations. 

As  (6.1),  conditions  (26.1)  and  (26.2)  are  disrupted  in  that 
part  of  the  undisturbed  surface,  that  composes  final  angle  with  the 
disturbed  surface.  In  cur  proolem  this  occurs  in  low  field  near 
joint,  which  leads  to  the  error  for  order  62;  however  for  determining 
the  coupling  coefficient,  it  suffices  to  find  the  amplitude  of  the 
scattered  wave  with  an  accuracy  to  6. 

Computation  Pj  is  reduced  to  the  determination  of  field  in 
regular  waveguide  with  boundary  conditions  (26.1)  or  (26.2),  where  by 

V  it  is  necessary  to  understand  the  potentials  of  the  incident  wave 

,  1  -  *  (s> 

i\  and  a  with  z<0,  i o  with  z>0. 

2.  Let  us  examine  first  waveyuide  with  soft  walls,  i.e.,  let  us 
search  for  solution  of  equation  (23.3),  that  satisfies  on  true 
boundary  conditions  (23.5a).  Let  us  introduce  auxiliary  potential  O  - 
potential  of  the  wave  of  number  -j(j=m),  that  satisfies  on  the  entire 
undeformed  surface  condition  (23.5a) .  For  two  solutions  of  wave 
equation  and  of  <I>,  is  correct  the  identity 
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where  the  integral  is  undertaken  over  any  locked  surface.  We  will 
propagate  it  over  section  z=+Q  and  the  lateral  surface  of  the 
undisturbed  waveguide  witn  z<0  let  us  assume  that  x'  contains  low 
imaginary  component,  which  makes  it  possible  to  eliminate  the  effect 
of  region  z=— . 


Page  203. 


js  "  . 


With  z=+o  the  potential  Mf  contains  the  sum  of  the  potentials 
of  all  direct  waves;  however,  at  the  selected  value  of  <J>  in  integral 
according  to  this  section,  will  fall  out  (as  a  result  of  the 
condition  of  orthogonality)  all  term/component/addends,  except  one, 
and  the  integral  will  be  egual  to  2ih,Pl.  in  the  integral  over 
lateral  surface,  is  present  only  second  term/coaponent/addend,  in 
which  -  Y  is  calculated  from  (26.1).  The  dependence  of  integrand  on  z 
is  given  by  factor  e~ and  integration  on  z  can  be  produced  in  an 
explicit  form.  Substituting  in  (26.3)  and  solving  relative  to  the 
unknown  value  P„  we  obtain  the  solution  of  the  auxiliary  problem 


indicated; 


".V ,6‘5T  a;*  (/>0,  ™>0.  i4-m).  (26.4) 


In  order  from  formula  for  l>Ai>  0)  to  obtain  expression  for  a 
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coupling  coefficient  si»»  is  must,  as  shown  into  §6,  to  replace  under 
integral  the  height/altitude  of  step  6  by  the  tangent  of  tangent 
inclination  v.  Thus, 

s*.  -  $  v  If  ds  (/  H-  <n).  (26.5) 

2h,  (/i/  —  /im)  J  3n  3/« 

This  expression  we  would  obtain,  if  they  would  search  for  first  the 
amplitude  of  backward  wave,  scattered  on  step,  and  then  was  utilized 
was  second  of  relationship/ratios  (6.15)  and  condition  (23.10). 


Let  us  find  now  amplitude  Pi  for  a  waveguide  with  rigid  walls. 
For  this,  it  is  necessary  in  (26.3)  to  select  <I>  equal  to  the 
potential  of  the  wave  of  number  -j(jfm),  that  satisfies  on  the  entire 
undeformed  surface  condition  (23. 5o) .  In  integral  (26.3)  over  lateral 
surface  second  term  is  equal  to  zero,  during  the  computation  of  first 
term,  it  is  necessary  to  substitute  for  d  'ir  /dN  expression  (26.2)  . 
Utilizing  the  presence  in  (26.2)  derivatives  on  the  same  to  the 
variables  s  and  z,  on  which  is  conducted  the  integration,  it  is 
possible  by  integration  somewhat  to  simplify  in  parts  the  resultant 
expression.  After  replacing,  furtner,  in  integral  for  P,  6  on  v,  we 
will  obtain  the  unknown  expression  for  a  coupling  coefficient 

«- -  -s&PkT  [<*’  - i  "V*  - 

—  £  v  ~  d-f-  its  j  (/  +■  '")■  (26.6) 


This  formula  also  is  valid  with  any 


signs  j  and  a 
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Formulas  (26.5)  and  (26.6)  it  is  easy  to  generalize  to  the  case 
when  on  the  part  of  the  wall  of  waveguide  are  satisfied  conditions 
(23.5a)  ,  and  on  part  -  condition  (23.5b). 

3.  Expressions  (26.5)  and  (2b. 6)  contain  the  same  integrals,  as 
formula  for  coupling  coefficients  in  radiowaveguides  for  two 
electrical  waves  (9.5b)  and  for  two  magnetic  waves  (9.5a);  however, 
with  other  coefficients.  As  we  already  noted,  this  difference  is 
connected  with  the  fact  that  for  membrane/diaphragm  functions  in 
electrodynamics  on  the  boundary  of  an  irregular  waveguide  are 
satisfied  the  conditions,  different  from  (23.5).  However,  expressions 
for  a  derivative  of  wave  number  in  acoustic  and  electrodynamic 
problems  agree,  since  these  expressions  can  be  obtained  from  formulas 
for  a  derivative  of  the  eigenvalue  of  equations  for 
membrane/diaphragm  functions  and  are  determined  therefore  the 
boundary  conditions  for  taese  functions  in  regular  waveguides,  but 
these  boundary  conditions  are  identical  in  both  problems.  Expressions 
for  h‘n  in  acoustic  waveguides  are  obtained  directly  from  formulas 
(9.6) ,  into  which  it  is  necessary  to  introduce  obvious  changes  due  to 
difference  in  standardization  (3.17)  and  (23.9).  From  formula  (9.6b) 
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follows  the  expression  for  a  derived  wave  number  in  tapered  weld  with 
the  soft  walls 

•s-HS)’*  (26-7> 

and,  according  to  (9.6a)  for  a  waveguide  with  rigid  walls  it  will  be 

hi  =  (x4  -  hi)  §  v  ^yds  -  §  v  [iff  ds.  (26.8) 

With  both  types  of  boundary  conditions,  the  universal 
communication/connecticn  between  sm;„  ac^  hm  (25.4b)  is  retained; 
however,  relationship/ratio  (25.4c),  according  to  last/latter 
formulas,  is  correct  only  for  waveguides  with  soft  walls.  For 
waveguides  with  rigid  walls,  is  fulfilled  the  equation,  analogous 
(9.4)  ; 

S_m„,  =  -  1  §  v  (Ods-  (26.9) 

ha  =  0. 

In  particular,  for  the  fundamental  wave  hm  =  x const,  i.e.  and 
in  (26.9)  is  retained  cnly  second  term/component/addend.  For  this 
wave  ($mf  -  VS,  where  S(z)  -  sectional  area,  and 

S_._l.Jv* - (26.10) 

Page  205. 

Hence  is  obtained  known  result,  that  the  reflection  coefficient  from 
a  small  step  is  equal  with  respect  to  the  modulus  to  the  half  of  the 
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ratio/relation  to  the  area  of  step  to  sectional  area.  The  coefficient 
of  reflection,  fundamental  nave  from  the  section  of  long  irregular 
waveguide  with  slowly  changing  section  is  equal,  according  to  (8.34) 
and  (26.10) 


p  m  ~  JL  C  ll 


dz 


dz. 


(26.11) 


4.  obtained  are  above  by  method  of  small  heterogeneities 
expressions  for  S;r,  and  h,„  it  is  possible  to  find  also  from  results 
of  preceding/previous  paragraph.  Eepeating  ccnstruction  §9,  one 
should  for  this  compare  this  waveguide  of  the  section,  filled  by 
media,  interface  between  whicn  coincides  with  the  boundary  of  this 
irregular  waveguide.  Then  it  is  necessary  to  produce  passage  to  the 
limit  to  similar  by  the  values  of  the  parameters  of  external  from 
these  two  media  with  which  boundary  conditions  on  the  surface  of  this 
medium  will  coincide  with  boundary  conditions  on  soft  or  rigid  walls. 
Auxiliary  waveguide  coincides  xn  this  case  with  this  tapered  weld. 
Expansions  (25.1)  and  system  of  differential  equations  (25.3)  is 
retained,  but  in  expressions  (25.  10),  (25.23)  and  (25.24)  will  have 
to  carry  out  a  passage  to  tae  limit  indicated. 


In  this  case,  will  prove  to  be  necessary  to  open  an 


indeterminancy/uncertainty  of  the  type  0-o  .  which  it  appears  in  these 
formulas  during  passage  to  the  limit.  In  analogous  by  electrodynamic 
examination  was  conducted  the  passage  to  the  limit  and  for 


P»GE 


the  expansion/disclosure  of  mdeterminancy/uncertainty,  was  used  the 
Leontovich  boundary  condition  (9.1).  The  analog  of  this  condition  for 
a  soft  wall  is  the  boundary  condition 


»!'  „  _  -i.d* 

X  Oil 


(26.  !2) 


which,  as  it  is  easy  to  check,  approximately  is  fulfilled  on  the 
boundary  of  body  with  the  high  value  of  wave  number  jx{;  wave  number 
must  be  considered  composite.  Condition  this  bears  local  character, 
i.e.,  it  does  not  depend  on  the  structure  of  applied  field.  When 

|jc[— roc 

(26.12)  passes  in  (23.5a).  Thus,  results  for  a  waveguide  of 
alternating/variable  section  with  soft  wall  can  be  obtained  on  the 
assuaption  that  in  environment  }c ( — ■  0,  and  the  density  of  both  of 
media  is  identical. 


Page  206. 


In  this  case  it  is  possible  to  use  to  the  formulas  of  the  first 
point/item  of  the  precediag/previous  paragraph,  to  substitute  under 
(25.10)  boundary  condition  (26.12)  and  then  to  set/assune  |y'j-*=o-  It 
is  easy  to  check  that  (25.10)  in  tnis  case  really/actually  it  will 
pass  in  (26.5)  and  (26.7). 

The  local  boundary  condition,  in  limit  which  converts  in 
(23.5b)  ,  cannot  be  obtained  on  the  assumption  that  the  density  is 


i  | 

i  i 


I 
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everywhere  constant.  Really/ actually,  on  one  hand,  so  that  the 
condition  would  be  local  wave  uuaoer  in  medium  must  be  composite  and 
approach  infinity,  i.e.,  must  be  |c|->0.  on  the  other  hand,  so  that 
in  the  limit  would  be  obtained  boundary  condition  on  rigid  wall,  must 
be  | p •  c | •  — > oo.  Thus,  density  must  approach  infinity.  Boundary  condition 
takes  the  form 

(26.13) 

where  the  density  of  internal  medium  is  placed  to  equal  unity.  When 
|c,o|->oo  (26.13)  passes  in  (2J.5b)  . 

In  order  to  obtain  expression  for  S)m  in  tapered  weld  with  rigid 
wall,  it  is  necessary  to  apply  the  formulas  of  the  second  point/itera 
of  the  preceding/previcus  parayrapn.  The  analysis,  produced  in  [ 107], 
it  showed,  that  if  we  in  (25.23)  and  (25.24)  substitute  (26.13)  and 
then  to  place  Icpj-^oo,  that  for  the  coupling  coefficients  and 
derivative  of  wave  number  really/actually  to  be  obtained  formulas 
(26.6)  and  (26.8),  found  above  by  another  method. 

There  is  one  additional  difference  in  the  mathematical  apparatus 
of  the  method  of  cross  sections  for  waveguides  with  soft  and  rigid 
walls.  For  waveguides  with  soft  walls,  the  potentials  Y  and  t)>"‘  in 
(25.1a)  satisfy  one  and  the  same  boundary  condition,  and  to 
row/series  (25.1a)  the  admissibly  term-by-term  application/use  of  an 


is 
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operator  v4-  In  this  way  it  is  possible  to  again  obtain  formulas 
(25.3)  and  (25.4a);  however#  in  (25.4a)  integration  in  this  case,  it 
occurs  according  to  the  section  of  variable  area.  The  conversion  of 
an  integral  of  such  type  to  contour  integral  was  produced  into  §9; 
during  the  standardization  of  functions  ’I'"',  by  that  accepted  in 
present  chapter,  it  will  be 


dS  = 


on  dn 


(25.14) 


whence  again  follows  formula  (26.5). 

For  waveguides  with  rigid  walls,  the  term-by-term 
application/use  of  an  operator  ys  to  row/series  (25.1a)  is 
inadmissible,  since  boundary  conditions  for  ’F  and  in  this  case 
do  not  agree.  Therefore  the  direct  application/use  of  resolution  of 
the  unknown  potential  in  row/senes  in  terms  of  potentials  in  regular 
waveguides  [106]  leads  to  essential  difficulties. 

Page  207. 

This  chapter  contains  the  construction  of  the  .'ormalism  of  the 
method  of  cross  sections  for  irregular  acoustic  waveguides.  In  the 
bent  waveguides  the  field  is  described  by  the  system  of  equations 
(24.12),  in  which  F,„,  they  are  given  in  (24.17).  For  waveguides  with 


k 


Ij 
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alternating/variable  medium  or  alternating/variable  section,  the 
system  of  equations  is  given  in  (25.3),  coupling  coefficients  take 
form  (25.4),  (25.7)  and  (25.19)  or  with  respect  (to  26.5)  and  (26.6). 
The  theory  of  the  combined  irregular  acoustic  waveguides  can  be 
constructed  analogously  how  this  is  done  into  §§10  and  18  for 
radio waveguides. 

§27.  Conclusion. 

The  developed  above  mathematJLcal  apparatus  makes  it  possible 
with  single  method  to  perform  the  calculation  of  the  broad  class  of 
irregular  waveguides,  to  compare  between  themselves  different 
irregularities,  to  examine  questions  concerning  their  mutual 
compensation.  Expression  for  the  wave  amplitudes,  scattered  in 
irregular  sections,  takes  the  simple  analytical  form;  this 
facilitates  the  studies  of  the  effect  of  different  parameters  of 
section  on  the  value  of  the  scattered  energy.  The  comparison  of 
elementary  (small)  and  final  irregularities  makes  it  possible  to  give 
the  simple  physical  treatment  of  the  phenomena  cf  scattering,  which 
facilitates  the  qualitative  analysis  of  different  equipment/devices. 

1.  Further  development  of  metnod  of  cross  sections  must  first  of 
all  consist  of  application/use  of  this  apparatus  to  calculation  of 
row/series  of  concrete/specif ic/actual  waveguide  systems.  In 
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proportion  to  development  of  wide-nand  waveguide  technology,  a  number 
of  problems,  subjected  to  theoretical  analysis,  will  increase,  and 
these  same  problems  will  cause  some  expansion  of  the  theoretical 
bases  of  method.  In  proportion  to  gaining  of  experience  and,  most 
importantly,  as  in  calculations  in  of  increasing  degree  it  will  be 
utilized  machine  technology,  theory  of  multi- waveguide  transitions  it 
will  acquire  engineering  character,  similar  this  occurred  in  the 
theory  of  single-wave  rectangular  waveguide. 

There  is  great  interest  also  in  the  problems  of  relatively  less 
wide-range  waveguide  transitions  with  the  rapidly  changing  parameters 
-  sharply  curved,  short  matching  sections  between  the  waveguides  of 
different  sections,  dielectric  lenses,  etc.  Any  method  of  the 
analysis  of  such  systems  will  require  numerical  calculations. 

Page  208. 

In  the  method  of  cross  sections,  the  problem  is  reduced  to  the  system 
first-order  of  ordinary  differential  equations,  which  are  in  this 
case,  for  our  opinion,  sufficiently  simple  and  common  mathematical 
apparatus. 

On  one  hand,  by  this  method  it  is  possible  to  design  the 
propagation  of  waves  in  the  unshielded  systems,  such,  as  one-wire 
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line  with  the  ground  wave,  radio  duct,  etc.  The  disturbance/breakdown 
of  uniformity  in  such  systems,  tor  example  their  bending,  causes  the 
emission/radiation  of  energy,  so  that  complete  field  in  irregular 
system  contains  not  only  plane,  but  also  spherical  or  cylindrical 
waves.  In  the  mathematical  sense  the  presence  of  the  continuous 
spectrum  will  lead  to  the  appearance  of  contour  integrals  instead  of 
the  sums,  which  describe  field  in  closed  systems.  !*!ain  station  it 
will  be  in  this  case  not  the  system  of  ordinary  differential 
equations,  but  integrodifferential  equations  of  the  type 

~^  =  $S(/,v,*)P(v.?)rfv.  (27.1) 

where  P(j,z)  -  amplitude  in  the  integral  representation  of  the  fields 

£  (.v, ;/. z)  » (/,  z)  E (.v,  i/,  z,  j) dj.  (27.2) 

For  systems  with  the  slowly  changing  parameters  at  the  correct 
selection  of  functions  E(x,y,z,3)  the  nucleus  of  equation  (27.1)  will 
contain  by  factor  the  low  parameter,  and  eguation  (27.1)  will  be  able 
to  be  solved  by  the  method  of  successive  approximations. 

On  the  other  i and,  the  method  of  cross  sections  let  us  use, 
probably,  not  only  to  the  equations  of  electrodynamics  and  acoustics. 
Fundamental  of  this  method  completely  elementary  they  bear,  actually, 
geometric  character.  Therefore  its  mathematical  apparatus  can  be  used 
for  a  wide  class  of  the  systems  of  partial  differential  equations. 
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This  method,  for  example,  can  be  studied  the  problems  of  the 
propagation  of  thermal  disturoance/perturbaticns  or  elastic 
vibrations  along  cylinder  or  layer  with  alternating/variable  along 
the  length  properties,  etc.  Fundamental  difficulty  of  each  specific 
case  consists  in  this  case  in  tne  reasonable  selection  of  functions 
on  which  is  conducted  the  resolution,  i.e.,  values  of  the  type  "E 
£(x, y,z)  in  (8. 2-8. 3)  or  E(x,y,z,j)  in  (27.2). 
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It  follows,  it  goes  without  saying,  to  bear  in  mind,  that  as  any 
other  version  of  the  method  of  Fourier,  method  of  cross  sections  are 
limited  by  the  requirement  of  the  linearity  of  problem. 

2.  In  waveguide  problems  method  of  cross  sections  becomes  less 
effective,  the  greater  number  of  equations  must  be  simultaneously 
examined,  i.e.,  the  more  waves  with  comparable  amplitudes 
simultaneously  it  is  propagated  in  waveguide.  Tc  those  pores,  while 
the  plumbing  is  designed  for  the  transfer  of  energy  or  the  signal  on 
one  type  wave,  mathematical  of  the  apparatus  of  the  method  of  cross 
sections  corresponds  tc  the  structure  of  electromagnetic  field  and  is 
the  most  convenient  means  of  studying  this  field,  but  if  frequency  is 
very  great,  and  in  line  simultaneously  there  are  many  waves  of  the 
comparable  between  themselves  amplitude,  then  field  expansion  in 
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row/series  of  type  (8.2-8.J)  becomes  the  artificial 
reception/procedure,  whicn  do  not  agree  itself  with  the  physical 
essence  of  transmitting  of  eneryy  on  waveguide;  the  effectiveness  of 
the  method  of  cross  sections  it  decreases.  Under  these  conditions  the 
computation  of  the  amplitude  of  each  of  the  waveguide  waves  becomes 
very  complex  and  at  the  same  time  unnecessary  matter. 


In  this  case,  we  enter  into  the  region,  which  occupies  the 
intermediate  position  between  geometric  optics  and  usual  waveguide 
electrodynamics.  Many  eguipment/devices,  utilized  in  waveguides  at 
very  high  frequencies,  imitate  appropriate  optics  -  mirror,  prism, 
lens,  etc.  A  number  of  such  eguipment/devices  recently  rapidly 
increases  [109-114].  Their  theories  yet  does  not  exist;  it  is  unclear 
even,  in  what  concepts  -  ray/ueams  or  waveguide  wav=s  -  one  should 
describe  field  in  such  systems.  Tue  method  of  cross  sections  can 
prove  to  be  useful  only  with  the  initial  approach  to  these  problems; 
combining  it  with  the  methods  of  asymptotic  addition,  perhaps,  be 
managed  to  install  the  physical  and  mathematical  character  of  that 
apparatus  which  will  have  to  create  for  the  analysis  of  these 
systems.  It  is  possible  tnat  more  promising  turns  out  the 
examination,  which  generalizes  radiation  treatment.  In  any  case,  the 
study  of  this  intermediate  yuasi-optical  case,  i.e.,  geometric  optics 
of  wide  waveguides,  becomes  one  or  the  fundamental  problems  of 
waveguide  electrodynamics. 
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